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FOREWORD

Though we feel it an honour to write a Foreword for this remarkable book,
it is at the same time a pleasure.

Professor Abraham is justly renowned for his authoritative contributions to
the literature of cardiovascular neurohistology and the present volume speaks
for itself in this respect. It provides an enormous mass of information on the
details of autonomic innervation of the heart and blood vessels in vertebrates,
copiously illustrated by photomicrographs and by drawings made in his labora-
tory from his own material. The amazing details of the ramifications of the vagal
sensory fibres in the aortic arch and of those of the glossopharyngeal nerve in
the carotid glomus are revealed by the use of thick sections cleared by a superb
histological technique. If the book provided no more than this it would still

represent a notable addition to the histological literature.
Additionally, however, the author discusses his various anatomical findings

in the light of their physiological importance, proved or possible, and this will
ensure that the book will command a wide spectrum of readers. Cross-pollination
between physiologists and histologists has always been profitable. Sometimes the
functional studies have indicated the need for further histological investigations
as exemplified by the results of Cyon and Ludwig on the effects of stimulating
the vagal depressor nerve in 1866, which led eventually to the demonstration of
the site of the relevant nerve endingsinthe aortic arch by Kdster and Tschermak
in 1902. De Castro, on the other hand, from his examination of the fine details
of innervation of the carotid body was the first to suggest that the glomus mecha-
nism might subserve a chemoreceptor function and this was proved shortly after-
wards by the physiological studies in the Gent laboratory. The moral is clear —
structural and functional studies should desirably continue side by side, a fact
realized as long ago as 1865 by Carl Ludwig in designing his Physiological Insti-
tute. In this respect Professor Abraham’s book not only provides a general review
of the subject, but also gives many clues for future experimental investigations
in the physiological laboratory. To mention only two, the presence of barorecep-
tors in the renal artery and the details of innervation of the coronary sinus will
stimulate the imagination of those working on the control of these respective
circulations. We wish the book every success.

C. Heymaits and E. Neil

Farmakologisch & Terapeutisch Instituut
der Rijksuniversiteit, Gent, an
Department of Physmlogz, Middlesex
Hospital Medical School, London, W. 1
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PREFACE TO THE ENGLISH EDITION

This work is essentially the English translation of the monograph entitled Die
mikroskopische Innervation des Herzens und der Blutgefasse von Vertebraten published
in 1964. There are, of course, small changes in it, concerning the figures as
well as the text. The number of figures has been increased by five, and some of
the old ones are replaced by new ones. | inserted also the description of my new
silver impregnation method, and on the basis of my new investigations I com-
pleted the data concerningthe human carotid sinus and significantly amplified the
chapter dealing with the structure and innervation of the human carotid body.
New chapters deal with “Baroreceptors and Hypertension” and with the carotid
body of the dog. The references are completed by papers recently published.

Szeged, 16th July 19638 The Author
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PREFACE TO THE GERMAN EDITION

| have devoted more than 35 years to the investigation of the nervous system’s
histological structure. My studies were first concerned with the nervous system of
worms, crustaceans and molluscs. Later, | examined the structure of the
endings innervating the skin, the sensory organs, the intestines, respiratory
organs, endocrine glands, cardiovascular system and excretory organs in ver-
tebrates. Of course, | have also investigated other organs and organ systems
such as the autonomic ganglia, the interneuronal synapses and the central nervous
system of insects. My most detailed investigations have been concerned with the
structure of the receptors and the comparative histology of the autonomic nervous
system. These are especially the areas, whose problems interest me, in which |
see —mainly for comparative aims —further the solution of conspicuous tasks.
Nevertheless, my preferential field has been the clarification of the nerve con-
nections in the cardiovascular system. Consequently, the aim of this work has
been to elucidate and elaborate monographically just this topic on the basis of
comparison.

In preparing this volume | have relied much on the assistance of my co-workers
particularly Dr. Aranka Stammer, Dr. I. Horvath, Dr. L. Erdélyi and Miss
Maria Fischer. The illustrations have been prepared by Miss Erzsébet Danos
and Dr. Géza Mraz. | am indebted to all of them for their valuable contribution.

| offer this book to all readers interested in the cardiovascular system with
the sincere wish to contribute to their knowledge on that vitally important organ
system as well as to those seeking further information on the structure and forms of
connection of the autonomic nervous system.

Szeged, 20th June 1964 The Author
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INTRODUCTION

My investigations on the innervation of the cardiovascular system were started
with the examination of the nervous connections in the myocardium. These studies
were later extended also to the relations of the myocardial conductive system and
the nervous system. Then | focused my interest on the innervation of blood
vessels and dwelt on this topic for more than 20 years. The primary aim of these
studies has been to clarify the general aspects of the nervous connections between
blood vessels of different structure and function. The next step was the structural
study of pressoreceptors and chemoreceptors. Of these the pressoreceptors have
been examined in more detail, aiming at a precise description of relations in the
carotid sinus and aorta of man and various mammals. Parallel to this, systematic
examinations have been conducted, particularly during the recent years, on cardiac
innervation in man and various vertebrates. Part of these studies has been reported
in different periodicals both at home and abroad. Since the published material,
completed with the more recent results obtained in the meantime, has enabled a
comprehensive presentation of the information collected on the innervation of the
above organs, | felt entitled to compile this monograph in order to make available
the data in a concise, organized form. Relying on a large number of publications,
several thousands of preparations and manifold investigations, 1 hope to have
been able to present a realistic description of the microscopy of cardiovascular
innervation in vertebrates, throwing simultaneously a light also on some evolu-
tionary aspects. This volume is based mainly on my own experience, information
from the relevant literature of the world being included only when | was sure of
its proper appreciation of the topic’s significance. The scarcity of the references
made is accounted for by the fact that, using the most up-to-date facilities in my
examinations, it is my conviction that they reflect the actual relations as truly as
possible and as such may convey a deeper understanding of established facts than
the presentation of often controversial or even deficient data. On the other hand,
a detailed bibliography and a critical evaluation of the relevant literature would
have added too much to the bulk of this volume. The illustrations, including more
than 200 drawings and photographs, are all original, made from preparations in
our own collection.

X1






1 MATERIAL AND METHODS

The present studies have been extended to all taxonomic classes of vertebrates
and also to man. Studies have been performed mainly on species easily accessible
in this country while materials from several representative species have been
supplied from the Budapest Zoo. For the latter, the author is indebted to Dr. Cs.
Anghy, Director of the Zoo. Human material was obtained from the Institute of
Pathological Anatomy, University Medical School, Szeged, State Hospital, Gyon-
gyos, and the MAV Hospital, Budapest, for which the author pays tribute to the
late Professor B. Korpassy and offers his sincere thanks to the Chief Pathologist,
H. Csermely.

Two main histological staining procedures were used throughout, viz. vital
staining with methylene blue and silver impregnation. Of the former, a technique
adapted by myself mainly to frogs, and Schadabasch’s procedure, known from
microtechnical literature and applied by now all over the world, deserve special
mentioning. For impregnation with silver, different modifications of Bielschowsky’s
method as suggested by Gros, Abraham, Jabonero and Cauna were found to be
most suitable. Further to these, also the techniques proposed by Bodian, Ranson,
Romanes and Ramén y Cajal —the latter in modification No. 4 —were used.

VITAL STAINING WITH METHYLENE BLUE

I have tried a wide variety of methods available for vital staining with methylene
blue until I finally developed the one described below and used mainly for studies
on the green toad. The toad was narcotized with ethylether and given intra-
abdominally a large amount of 0-5 per cent (or still more dilute) solution of methyl-
ene blue in distilled water. Then the animal was bled by decapitation. About
(@ihr later the abdomen was laid open and the organs exposed to the air. By that
time methylene blue had usually intensively stained the nerves of not only the
skin but also of the cardiovascular system, muscles and other organs. Both
macroscopic total preparations and histological sections stained by the above
method revealed particularly clearly the morphological details of cardiovascular
innervation. Total preparations were used to obtain a gross view but the micro-
scopic structures were examined in histological sections prepared from embedded
or frozen specimens. Certain areas of such sections may occasionally exhibit some
remarkably fine details. Nevertheless, they are in general not satisfactory for a
thorough study of the nervous system’s microscopic structure.

Of all methods of vital staining with methylene blue the one described by
Schadabasch proved to be the best in our hands. This procedure would reveal the



2 INNERVATION OF THE HEART AND BLOOD VESSELS

most minute details, sometimes even very fine terminal ramifications of the end
plates, although it definitely fails to permit the study of the specialities of nerve
fibre endings.

BIELSCHOWSKY —-GKOS® METHOD

The method of Bielschowsky and Gros has been applied very successfully in our
studies. Its description, including some of our own improvements and modifica-
tions is presented below.

1 The specimen is fixed in 10 or 20 per cent neutral formalin for at least 1week.

Prolonged fixation improves rather than impairs the preparation’s quality,

particularly with tissues of compact structure like blood vessels, skin, smooth
muscle, ligaments and sensory organs. For fixation, smaller specimens should be
preferably used, though after prolonged treatment even large ones would yield
good impregnated preparations. It should be noted that excellent neurohistological
preparations were frequently obtained from materials fixed in non-neutral for-
mahn for several months.

2. The appropriately fixed specimen was washed first in running tap water for

1-2 hr then in distilled water for a similar period. This was followed by freezing
and sectioning. In general, sections of 40 p thickness were found to be the most
appropriate ones. These permitted namely an in toto study of nerve fibres together
with their ramifications, endings and arborizations and connections with the
ganglia and individual nerve cells. For a detailed analysis of the closer relations
and connections between the nervous system and a given tissue the preparation of
thinner sections was, however, required, whereas the elucidation of some more
general relations could be best achieved in thicker sections. The frozen sections
were placed in distilled water.

3. The sections were kept in distilled water for -2 hr and subsequently placed
in a 20 per cent silver nitrate solution for 1 hr or longer. According to our own
experience, 2-3 hr are usually enough to obtain a satisfactory impregnation even
of very compact tissues, for example skin, tunica media of blood vessels, tunica
muscularis of the intestines, etc. The sections may, however, be kept in silver
nitrate for even longer periods, if required.

4. After treatment with silver nitrate, the sections were placed in a 20 per cent
solution of neutral formalin (80 ml tap water + 20 ml neutral formalin). Formalin
treatment is continued until the formation of a white mist-like precipitate is no
longer observable upon repeated transfers of the section into fresh formalin solu-
tion. For the transfer of sections an appropriate capillary glass loop seems to be
the most handy tool. Formation of the precipitate is readily observable if a Petri
dish, a watch glass or other appropriate flat containers are used for bathing in the
20 per cent formalin solution. In general, three transfers will do; when not, a fourth
one should be additionally performed, a thorough extraction of excess silver nitrate
being essential. The procedure is relatively simple and even beginners will soon
realize its most critical points. Three baths, viz. on a total 10 min of formalin
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treatment, will generally result in satisfactory extraction of excess silver nitrate
from all but the nervous tissue in the section.

5. The last treatment with 20 per cent formalin being completed, the section is
rinsed briefly in tap water as suggested by Hachiro—Seto. This serves to avoid
precipitate formation in the silver nitrate-ammonia solution used as the next bath
for the section.

Rinsing in distilled water prior to formalin treatment has been suggested by
several authors. As to the duration of treatment with distilled water, Reiser
proposed a few seconds, whereas Seto 30 min. In our opinion, although both
methods are economical in the use of formalin, they do not possess any special
advantage.

6. The silver nitrate-ammonia solution is prepared as follows: To 5 ml of a 20
per cent silver nitrate solution are added a few drops of a 25 per cent ammonia
solution. Upon mingling, a brownish precipitate forms. To the precipitate,ammonia
is added dropwise until it dissolves completely. Usually a deposit of dark granules
forms at the bottom which, however, do not interfere with the mechanism and
success of impregnation. To the silver nitrate-ammonia solution thus prepared,
one drop of ammonia is added per millilitre on a watch glass.

7. From the 20 per cent formalin solution the section is transferred by means of
a glass rod into the silver nitrate-ammonia solution and allowed to stand therein
until the nerve cells, fibres and endings assume a full black colour. Impregnation
takes usually a very short time. Thus the whole process may be observed under the
microscope at a low magnification. Should the impregnation also involve the nuclei
and connective tissue fibres, the section is discarded and additional ammonia
added to the solution in a quantity of three drops per 2 ml. A fresh section is then
placed in the solution and observed. As soon as a complete impregnation of nerve
fibres and nerve endings takes place, the section is transferred to ammonia-water.

8. Ammonia-water is prepared by adding 2 ml of ammonia to 8 ml distilled
water. In this solution the section is allowed to stand for 1 min.

9. From ammonia-water the section is transferred to distilled water to which
2 to 3 drops of glacial acetic acid have been added per 10 ml.

10. After being washed thoroughly in distilled water for at least I hr, the
preparation is ready for mounting. It is, however, greatly recommended to apply
gold treatment first, as it markedly improves the quality of the preparation.

1. For this purpose, 2 to 3 drops of a 1 per cent gold chloride solution are
added per 10 ml of distilled water. The sections are kept in this solution until
their original yellow-brown colour turns to a pale greyish-violet shade. Usually
half an hour has been sufficient to assume the desired hue.

12. Sections are placed in an 0-5 per cent sodium thiosulphate solution, the
thinner ones for 30-40 sec, while thicker ones for -2 min. Subsequently they are
washed thoroughly in distilled water, then dehydrated and, after clearing in xylol,
mounted with Canada balsam. In this laboratory, after removal from the 20 per
cent silver nitrate solution the sections are treated further en masse and not

individually. Thus, no further microscopy is required and also the success of
mpregnation is greatly promoted.
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BIELSCHOWSKY-ABRAHAMS PROCEDURE

Bielschowsky’s method, as modified by Abraham, proved to be very helpful for
the examination of heart and vessels. The modified procedure is the following:
1 The specimen is fixed in 10 per cent formalin. For this purpose, acid-free
formalin should preferably be used, though numerous experiences have shown that
excellent preparations are obtainable also from specimens fixed in acid formalin
for several months. Usually fixation for 2 or 3 weeks would suffice, yet results are

more reliable when the specimen is kept in the fixing fluid for several months or
even for a year.

2. The fixed material is washed in distilled water for 10—5 min, then sections
are cut with a freezing microtome. Direction of cutting asS well as the thickness of
sections should be adjusted to the aims of the actual examination. With vessels,
tangential sections are most frequently made so as to include the adventitia, that
is its portion adjacent to the media itself, showing as great an area of them as
possible. With such sections a thickness of 40 L, would do. The sections are placed
in distilled water and allowed to stand therein for 6-8 hr or longer.

3. The sections are transferred into a 10 per cent silver nitrate solution and kept
there in the dark at room temperature for 60—0 hr.

4. The sections are removed from the silver nitrate solution with an appropriately
tipped glass rod, washed quickly in distilled water and placed in silver nitrate-
ammonia solution.

5. Silver nitrate—ammonia solution is prepared by adding 3 drops of fresh 40
per cent sodium hydroxide solution to 5 Ml ofa 20 per cent silver nitrate solution.
To the precipitate formed a 25 per cent ammonia solution is added dropwise until
the liquid turns perfectly clear. Occasionally it would remain slightly opaque,
without, however, interfering with impregnation. Subsequently, 20 ml of distilled
water are added to the solution. Then the sections are placed therein and
allowed to stand until assuming a tobacco-brown hue. According to our own
experience this takes 3-4 min. Afterwards the sections are transferred into
the next bath.

6. Fifty millilitres of distilled water + 3 drops of glacial acetic acid. In this
bath the sections are kept for 1y2 min or somewhat longer.

7. Reduction in formalin. The reducing liquid is prepared from 85 ml tap water
and 15 or, if required, 20 ml of neutral formalin. In this medium the sections are
kept until they emit white clouds. The reduction usually occurs in 20 min but
sometimes may even take 1hr. Recently it has been found that impregnation will
be better when from the misty formalin the sections are transferred into a second,
perhaps even a third bath and exposed to light. For this purpose both natural
and artificial illumination may be used. After reduction is completed the sections
are placed in excess distilled water and allowed to stand therein for at least 1 hr

8. Sections washed thoroughly in distilled water for at least 1 hr are dehydrated
and mounted in Canada balsam. The preparations thus obtained will permit the
most refined examinations. Their quality, however, may be improved further
by gold treatment.
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ABRAHAM’S PROCEDURE

Recently we have developed the following method for the impregnation of nerve
structures.

1 The specimen is iixed in a 10 per cent formalin solution for 2-3 months. Shorter
fixation may sometimes yield only poor preparations. Prolonged fixation seems to
be favourable. According to our experience, in many cases, excellent preparations
have been obtained from specimens fixed for several years.

. 2. Washing in tap water for 15 min.
I 3. Washing in distilled water for 15 min.

- 4. Sectioning by means of a freezing microtome. The thickness of the sections is
in general 20-40 p. Thicker sections are, however, needed for the examination of
the total area of the end branchings, or the whole extent of the nerve endings.
For such purposes the sections should be 50 p or still thicker. The sections are
then placed in distilled water for 15 min.

5. Impregnation in a 20 per cent silver nitrate solution for 10 min.

6. Washing in distilled water. Thin sections should be just rinsed while sections
impregnated for more than 10 min and those relatively thick should be washed
for a longer time. It is advantageous to move them in the water.

7. Impregnation in ammoniacal silver solution for 3-5 min, or longer till the
sections become brown. Sometimes 10-15 min are needed. The ammoniacal silver
solution is prepared as follows. Two drops of 40 per cent sodium hydroxide solution
are added to 10 ml of a 20 per cent silver nitrate solution. The brown precipitate
is dissolved by adding dropwise ammonium hydroxide (25 per cent solution). The
solution thus obtained is filled up to 100 ml with distilled water.

8. The sections are placed for 1-2 sec in an acetic acid solution prepared by
adding 5 drops of glacial acetic acid to 100 ml distilled water.

9. Reduction in 10 per cent neutral formol for 20 min. It is greatly recommended
that the solution be changed 2 to 3 times. Here the sections become yellowish-
brown, the nerve cells and nerve fibres deep black. Prolonged formalin treatment is
favourable for the impregnation, particularly when done with special illumination.

10. Gold treatment, dehydration and mounting. With this method the nerve
cells and their processes, the nerve fibres and their endings, appear extremely
sharp and clear.

BIEISCHOWSKY —GROS—CAUNA’S PROCEU URE

We prepared numerous preparations with the method of Bielschowsky, Gros
and Cauna which, adapted slightly to our purposes, is the following:

1 Fixation in 10 per cent neutral formalin for 3-4 weeks. Prolongation of the
fixation is always useful. Incubation of sections in 10 per cent neutral form-
alin, is advantageous.

2. Sections of 2540 ft thickness are cut with a freezing microtome.

3. Sections are placed in 20 per cent silver nitrate for 10 min. Occasionally this
treatment should be prolonged.
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4. Sections are transferred into 3 per cent neutral formalin for 15 min. Formalin
bath is changed twice, occasionally three times.

5. Sections are placed for 15 min in silver nitrate-ammonia solution, prepared
as follows. To the required amount of a 20 per cent silver nitrate solution a 25 per
cent ammonia solution is added dropwise until the precipitate formed dissolves
completely.

6. Sections are placed in 3 per cent formalin for 5 min. Formalin bath is changed
twice or, if required, on several occasions.

7. Sections are rinsed in distilled water for 3060 min.

8. Sections are dehydrated in rising concentrations of alcohol, cleared in xylol
and mounted with a mixture of xylol and Canada balsam.

Since the microscopic view of the preparations shows a sharp enough contrast
between the background tissues and nerve fibres, they may be safely used for
further examination. A further increase of the picture’s sharpness and the resolving
of minute details, e.g. of delicate interconnections, is greatly promoted by gold
treatment.

Jabonero’s silver carbonate method has also been employed, either according to
the original description or as adapted by Dolezel or ourselves. The procedures of
Ranson, Romanes and Cajal were less satisfactory for study of the cardiovascular
system.

In the next chapter the nerve connections of the heart and blood vessels are
described and interpreted.



2. INNERVATION OF THE HEART

In vertebrates, the heart is a hollow muscular organ of ventral localization. The
number and shape of its cavities vary with the different taxonomic groups. The
heart wall is constituted mainly by muscle fibres and in a minor part by connective
tissue. Its outer and inner surfaces are lined with simple epithelium. In the higher
vertebrates its muscular structure consists of two parts, demonstrable also mor-
phologically, viz. the system responsible for mechanical activity and the specialized
impulse-producing and -conducting system. There are obvious differences between
the muscle fibres constituting the two parts. In lower vertebrates, blood supply
of the heart wall is provided by the blood flowing through the heart’s cavities,
whereas in the higher vertebrates it is provided by the coronary arteries originating
in the initial portion of the aorta. The nerve fibres supplying the heart wall arise

partly in the vagus, partly in the cervical sympathetic and partly in intracardial
ganglion cells.

The shape and structure ofthe heart are similar in the various groups of verte-
brates but, according to their respective stages of evolution, there are great
differences in their cavity systems and particularly in the numbers and positions
of the associated vessels. With respect to these differences, the microscopy of
cardiac innervation of different groups of vertebrates is discussed separately in the
details covered by the scope of our studies.

BONY FISHES (TELEOSTEI)

Bony fishes have a ventrally situated venous heart ofrelatively small dimensions.
It is found in the cranialmost portion of the body cavity. This part of the body is
the pericardial cavity. The heart is enveloped by the pericardium, and consists of
the venous sinus (sinus venosus) to which is attached a dorsally positioned atrium
continued bottom forwards in the ventricle. The anterior, gradually tapering part
of the ventricle forms the arterial bulb continued anteriorly in the arterial trunk.
Essentially the venous sinus arises from the union of the two ventral Cuvieri
ducts and the hepatic veins. Its shape is variable depending on the extent and
direction of the hepatic vein’s participation in the formation of the cavity. At the
junction of the venous sinus with the atrium there are two obliquely situated
valves. Essentially these valves are constituted by folds arisen from the invagina-
tion of the walls of the venous sinus and atrium.

The atrial wall is thin, forming ventrally two large diverticula. These constitute
the heart auricles (auriculae cordis) which embrace ventrally from both sides the
artorial trunk. Towards the ventricle the atrium narrows. This infundibular
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structure is the atrioventricular funnel that extends down to tho ventricle’s base.
The atrial muscles continue in the ventricular muscles through the funnel base.
The atrium and ventricle are separated by a circular groove (sulcus coronarius)
filled with connective tissue originating from the epicardium.

Towards its inner surface the atrial wall continues in pectinate muscles (musculi
pectinati) arranged in a comb-like fashion. The rich branching of these muscular
columns gives rise to fan-like structures extending into the atrial cavity. Before
continuing in the ventricular muscle, the atrial muscle forms a small sphincter by
concentric and parallel arrangement of the fibres.

The ventricle wall is muscular, its shape depending on the thickness and on the
arrangement of fibres adjacent to the lumen. The greater part of the wall consists
of muscular columns (trabeculae carneae) of varying thickness and arrangement,
constituting a sponge-like lacunar matrix (spongiosa). The outer surface of this
inner spongiose muscular matrix is enveloped by a thin solid part (pars corticalis).
In some species (Salmonidae) the cortical part is separated from the spongy
matrix by a thin layer of connective tissue.

The aperture (ostium atrioventriculare) between atrium and ventricle is
closed by two membranaceous valves. These valves attach to the atrial wall
and are interconnected with the circular muscle columns. Valves are found
also on the aperture (ostium arteriosum) between the ventricle and the conus
arteriosus.

Adjacent to the ostium arteriosum the ventricle narrows to form the conus
arteriosus (bulbus cordis) whose proximal part is richer in muscles than the distal
one. The latter is not so much a part of the heart as the initial portion of the
arterial trunk (truncus arteriosus). In some cases the conus arteriosus regresses
and only a small part of it, called the bulbus arteriosus, remains.

The histological structure of the heart of bony fishes as well as the microscopy
of its innervation, has so far escaped the interest of investigators. Thus, infor-
mation is lacking on the histological structure of the individual heart portions,
structure and path of conduction system, ganglia and the microscopic relation-
ships between the individual heart portions and their nerve supply. Such reasons
have prompted us to examine the heart of bony fish species easily accessible in
this country.

In these studies numerous technical problems have been encountered particu-
larly at the beginning, owing to the difficulties of rendering visible the nerve
system in the wall of the fish heart. Nevertheless, in due course we succeeded in
obtaining satisfactory preparations first from the atrium, atrioventricular orifice,
and later also from the ventricle and arterial bulb of the carp’s heart. We used
easily accessible fish species captured from the river Tisza, viz. carp (Cyprinus
carpio), silur (Silurus glanis) and pike-perch (Lucioperca lucioperca). Hearts to
be examined were fixed in 10 per cent neutral formalin and impregnated with the
Bielschowsky—6&ros, or Bielschowsky—Abraham procedure. According to our own
experience the latter method was best as it produced very clear pictures particu-
larly of the atria. To obtain information alsoonthe general histological architecture,
stained preparations were made of materials fixed in Heidenhain’s “Susa” or
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Zenker’s fixing fluid and embedded in paraffin. Staining was made mostly with
hematein and eosine, but numerous preparations were stained with iron hema-
toxylin, van Gieson’s stain, or with Mallory’s staining technique. Further to
this, some parts of the wall were stained by the Koelle—Friedenwald’s me-
thod as modified by Gerebtzoff, to obtain histochemical evidence on intragang-
lial synapses. To study the neurosecretion of the wall ganglia, parts of the wall
where impregnation indicated the presence of larger amounts of ganglia were
fixed in Bouin and Miiiller’s fixing fluid and stained with G6mori’s chromohema-
toxylin stain.

Since parts of the heart differ not only in the anatomical but also in their
histological structure, they are discussed separately with respect to their histolog-
ical structure, the sequence being: venous sinus, atrium, atrioventricular orifice,
ventricle and arterial bulb.

Venous Sinus (Sinus venosus)

Essentially the venous sinus is not an active part of the heart, being simply a
continuum of the venous ducts whose function is the collection and partly also
the storage of blood. Its wall is thin and structurally resembles the large venous
trunks. The tunica intima, tunica media and tunica adventitia are clearly dis-
tinguishable histologically.

The tunica intima is constituted by two parts, endothelium and lamina propria.
The endothelial cells are elongate and thin, broadening only around their large
oval nuclei. The lamina propria thickens adjacent to the atrium, containing many
elastic fibres. In other regions it is thinner, being constituted mainly by collagenous
bundles. Most fibres are arranged concentrically but there are also more or less
longitudinal fibres and adjacent to them smooth muscle cells as well.

The tunica media consists of smooth muscle cells which inwardly are arranged
mainly in a longitudinal direction, whereas outwardly rather in a circular pattern,
yet neither of them constitutes a clearly distinguishable homogeneous, coherent
layer. The bundles of smooth muscle constituting the inner layer are thin and
relatively numerous collagenous connective tissue bundles are apparent among
them.

The adventitia appeared to be thick in all the examined species. It consists
mainly of connective tissue fibres, containing here and there a varying number of
elastic fibres, too. In certain regions it is compact, whereas in others loose in struc-
ture. In the loose areas connective tissue fibres prevail and elastic fibres are much
fewer in number. In the carp, masses of fat cells were also found in the proximity
of the atrium. There are numerous vessels (vasa vasorum) of varying diameter.
Beside them, larger nerve bundles were seen accompanied by single or aggregated
nerve cells along their path.

The nerve fibres supplying the venous sinus arise partly from the vagus and
partly from the cervical symphathetic and enter the sinus along the two Cuvierian
ducts. The fibres arrive in two large main trunks and branch to the walls. Along
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Fig. 1. Cyprinus carpio. Venous sinus, (a) Connective tissue; (b) connective
tissue fibres; (c) nucleus of connective tissue cell; (d) capillaries; (e) nerve
trunk; (f) nerve bundle; (g) thick nerve fibre; (h) thin nerve fibre; (i) nerve
cell; (j) nucleus of nerve cell. Bielschowsky-Abraham’s method. Microscopic
magnification 600 X, reduced photographically to %

the descent of the trunks scattered groups of nerve cells are present (Fig. 1).
From the smaller trunks exit rami containing a varying number of fibres which
branch to the adventitia to form the loose adventitial plexus present in the vessel
walls. Fibres arising from this plexus go to the media and form a plexus on the
bundles of smooth muscle. Certain fibres of this plexus gradually ramify to con-
stitute a delicate end plexus, some fibres of which conjugate with the smooth
muscle cells by delicate end bulbs. At the transition of the sinus wall into the
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Fig. 2. Cyprinus carpio. Nerve plexus in the wall of the venous sinus, (a)

Striated muscle fibre; (b) nucleus of striated muscle fibre; (c) thick nerve fibre;

(d) thin nerve fibre; (e) nerve plexus. Bielschowsky—Abraham’s method.
Microscopic magnification 400 X, reduced photographically to y2

atrial wall the muscles of the media consist of striated fibres. In this area particu-
larly rich nerve plexuses are seen (Fig. 2). Many of the fibres constituting the
plexus are thick and exhibit a winding path. These are characterized by elongate
varices within which the neurofibrils are occasionally well seen. The appearance of
these fibres is suggestive of their vagal origin and they may well be considered
receptor elements. In the intima no nerve fibres whatever can be found.
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Atrium

When viewed in an inward direction, the epicardium, myocardium and endo-
cardium are relatively easily demarcated from each other. On the ventral surface
of the atrium the epicardial epithelium consists of flattened cells with somewhat
elongate nuclei, whereas on the dorsal surface the epithelial cells assume a cub-
oidal shape. The subepithelial connective tiSSU€ consists mainly Of collagenous
fibres containing, however, some ebastic fibres as well. In the carp, on the atrial
side the epicardium is connected with the myocardium by a loose con-
nective tissue comprising relatively numerous fat cells. In the latter tissue as
well as in the epicardium in general, there are numerous smaller and larger
blood vessels.

The epicardium is relatively rich in nerve fibres. They are arranged in bundles
of undulating descent or pass as single nerve fibres between the fibres of the
connective tissue. Within the larger bundles beside the thin fibres thicker ones
are also seen. In some areas of the nerve fibre plexus, nerve cells are present in
large numbers. The greater part of the fibres descend adjacent to the vessels but
some of them are seen at a certain distance in the connective tissue. Sections of
the silur’s epicardium are particularly characteristic: here the nerve fibres seem to
be wound around the vessels, descending almost like a spiral. Further to this, in
the carp, but mainly in the silur, nerve fibres may arrange in a loose coil-like pattern
mainly at the borders of the myocardium. In the three fish species examined, no
significant differences have been found between the microscopic innervation of the
epicardium.

In all the three fish species, the atrial part of the myocardium is thin and
spongiose in structure. There is no distinct stratification, yet in the silur’s atrium
an inner circular and outer longitudinal layer may ba distinguished. At the basis
of the valves at the inflow of the venous sinus both layers display solid structures.
The myocardium consists of branched striated muscle fibres with conspicuous,
relatively large, central nuclei. The layers and smaller or larger columns of muscle
fibres are connected by interstitial connective tissue. The atrial portion of the
myocardium is extraordinarily rich in nerve fibres (Fig. 3). It is traversed by thick
bundles of fibres going to the atrioventricular orifice. Nerve cells are not infrequent
in the neighbourhood of the thick fibres. Some of these fibres are conspicuously
thick, containing well-visible neurofibrils. The thick fibres form a loose, broad-
mesh plexus that passes through the myocardial connective tissue. Innervation of
the atrial myocardium is roughly uniform in the fish species examined.

In comparison with the corresponding part of the heart in higher vertebrates,
in fishes the atrial wall is remarkably rich in nerve fibres. Appropriately impregnat-
ed sections of the atrium show such an immersi mass and inextricable plexus of
nerve trunks and smaller or larger nerve bundles as is practically unparalleled in
any other muscular innervation. At the first superficial view it seems that the
striated muscle fibres are made invisible by the mass of nerve trunks and fibres
(Fig. 4). The nerve fibres seem to be entirely interwoven with the muscular ones.
Some sections show several nerve fibres running over the surface of one muscle
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Fig. 3. Cyprinus carpio. Nerve fibres in the atrial wall, (a) Striated muscle

fibre; (b) nucleus of striated muscle fibre; (c) thick nerve fibre; (d) thin nerve

fibre; (e) varix; (f) nerve fibre plexus. Bielschowsky-Abraham’s method.
Microscopic magnification 600X, reduced photographically to y2

fibre, accompanying it almost along its whole length. Smooth-edged and thicker
forms are frequent, but still more often the nerve fibres carry smaller or larger
varices of angular or irregular shape. Irregular and unusual branchings, as well as
oval lattices in the descent of fibres, are not infrequent either. The relation between
the mass of nerve fibres seen in preparations whose impregnation has been only
occasionally successful, and the muscular fibres supplied by them, is discussed in
a later chapter dealing with the general aspects of connections between myocardial
and nerve fibres.
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Fig. 4. Cyprinus carpio. Heart; nerve fibre plexus in the right atrium, (a)
Striated muscle fibre; (b) nucleus of striated muscle fibre; (c) thick nerve
fibre; (d) thin nerve fibre; (e) nerve fibre plexus. Bielschowsky-Abraham’s
method. Microscopic magnification 600X> reduced photographically to 2

The atrial endocardium is usually a thin connective tissue layer constituted
mainly by collagenous fibres but containing also many elastic ones. Towards the
atrial lumen the endocardium is bordered by the flat cells of endothelium with
spheroid or more often elongate nuclei. The innervation of the endocardium is
supplied by a finer and looser, occasionally well-impregnable plexus situated
directly under the endothelium.
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Fig. 5. Cyprinus carpio. Heart; atrioventricular funnel. Nerve fibres in the

myocardium, (a) Striated muscle fibre; (b) nucleus of the striated muscle

fibre; (c) nerve fibre; (d) nerve plexus. Bielschowsky-Abraham’s method.
Microscopic magnification 600 X, reduced photographically to J4

Atrioventricular Funnel

Histologically, the atrioventricular funnel is identical with the atrium. Differ-
ences have been encountered in the thickness, mass and descent of the individual
layers. These differences are outlined as follows. The epicardium is conspicuously
thick and remarkably rich in vessels. Muscle fibres constituting the myocardium
form two not quite distinct layers; an outer longitudinal and an inner circular one.
The outer layer is fairly conspicuous, constituted by smaller and larger bundles of
muscle fibres which continue in the atrial myocardium. Fibres constituting the
inner layer form a circular pattern of closely arranged fibres. The endocardium of
the atrioventricular funnel, too, is thicker than that of the atrium, mainly at the
site where the pouched valves arise. Under the valvular endothelium a larger mass
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Fig. 6. Cyprinus carpio. Heart; innervation of the atrial myocardium, (a)

Striated muscle fibre; (b) nucleus of the striated muscle fibre; (c) nerve fibre;

(d) nerve ending. Bielschowsky-Abraham’s method. Microscopic magnifica-
tion 900 X >reduced photographically to %

of connective tissue, constituted by collagenous columns and elastic fibres, is found.
In the middle part of the endocardium there are branched connective tissue cells
with great affinity for stain and silver impregnation. The extensively granulated
processes of these cells anastomose with the processes of the adjacent similar cells.
The epicardium of the atrioventricular funnel is rich in nerve plexuses. Yet the
myocardium is richer in nerve fibres, particularly in the carp. Between the circular
and longitudinal muscle columns numerous nerve fibres are found either singly or
joined in bundles. The fibres are in general thin and undulating, though some thick
fibres of presumably vagal origin may also be present (Fig. 5). The single fibres
ramify several times in a dichotomic fashion and perhaps these branchings would
most truly reveal the hypolemmal end bulbs of the finest rami ending on the muscle
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fibres. As a matter of fact, these end bulbs are not apparent in masses in each
preparation, but some of them present a markedly clear view of a fairly great
number of end rings. In this context it ought to be emphasized again that the
perfect impregnation of nerve fibres in the fish heart is not an easy task. Numerous
difficulties have to be surmounted and failures coped with. The tenacious worker,
ready to face the hardships of this work, will, however, surely succeed when
handling the task with sufficient care. In this laboratory, many beautiful sections
have been obtained from all heart specimens examined as well as from their
individual layers, yet most excellent preparations were yielded by the initial
portion of the atrium and the wall of the atrioventricular funnel (Fig. 6).

Ventricle (Ventriculus)

The layers constituting the ventricle wall were fairly well distinguishable in all
the three fish specks. The central surface of the ventricular epicardium is covered
by a simple layer of flat epithelial cells assuming a cuboid appearance on the
dorsal surface. In comparison with the other layers the epicardium is thin. Its
connective tissue is constituted mainly by collagenous and by a few elastic fibres.
There are very numerous vessels in the connective tissue layer, namely in the carp.

The innervation ofthe ventricular epicardium resemblesthat ofthe atrial one. It is
traversed by smaller and larger nerve trunks, bundles and plexuses comprising fibres
of varying thickness. The terminal sensory organs and endings, characteristic of the
epicardium of the higher vertebrates, do not occur in a typical form in fishes.

In all the three fish species examined the ventricular myocardium is thick and
as a rule spongiose in structure. Two parts of it may be distinguished: a more solid
outer layer constituted mainly by circular columns and an inner layer with a more
obvious spongiose structure consisting essentially of longitudinally arranged fibres.
Both layers are formed of striated muscle fibres with fairly conspicuous striation
and large, spheroid central nuclei.

The ventricular myocardium is rich in nerve fibres. It is traversed by an exten-
sive plexus also comprising a few thick fibres of particular appearance. Here and
there the thick fibres are arranged in a loose coil-like pattern and some of our
sections have been suggestive of coil-like endings as well. Were this true, these
endings would represent the proprioceptors of the myocardium whose presence
in higher vertebrates has been recently confirmed both by physiological and
morphological methods. In the ventricular myocardium, too, plexuses are very
rich in fibres. The nerve fibres traverse the muscular fibres and their endings are
essentially similar to those observed in the atrial muscles junctioning with the
muscle fibres by end bulbs or rings.

The ventricular endocardium thickens at the site of the valves between the
bulbus and ventricle, but its other parts are rather thin. Its connective tissue is
essentially similar to those of the endocardium portions discussed above and its
endothelium consists of markedly flattened cells. The connective tissue layer is rich
in nerve fibres. The fibres arrange into plexuses. Fibres leaving the plexuses
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occasionally ran a long clearly discernible path ending in obvious end bulbs in
which the neurofibrillar plexus is sometimes well visible. In view of this structure
it seems to be highly probable that these neurofibrillar end bulbs represent the
sensory elements of the endocardium and as such they naturally belong to the
vagal nerve fibre system.

Arterial Bulb (Bulbus arteriosus)

At its exit from the heart the arterial bulb is thick, becoming thinner distally.
Its outer layer, the adventitia, consists of fibrous connective tissue containing also
elastic fibres. This layer is not particularly rich in nerves. The fibres form a loose
plexus and are mostly smooth-edged, thin fibres of the vegetative type. Some thick
fibres may, however, be present too. Although the endings were not seen, we are
convinced that they are the sensory elements of the adventitia. The greater part
of the media is constituted by circularly arranged smooth muscle cells. Between
the muscle bundles there is fibrous connective tissue containing relatively many
elastic fibres. The innervation of the media resembles that of the media of the
venous sinus, viz. the general pattern of innervation in vessels’ media. The smooth
muscle tissue is traversed by a delicate plexus, a terminal reticulum being absent.
The end fibres of the plexus disappear between the smooth muscle cells without
showing any characteristic ending.

The intima is fibrous connective tissue thickening at the ventricular orifice of
the bulbus, but being narrow in its other portions. Towards the lumen it is lined
by a simple endothelial layer. Similarly to the vascular intima, no nerve elements

are present in the intima of the arterial bulb either.

Nerve Endings of the Myocardium

Examination of the heart of bony fishes reveals a very rich innervation in cer-
tain areas of the myocardium, particularly in the atrium adjacent to the venous
sinus and in the atrioventricular funnel near the ventricle. As previously men-
tioned, fibres constituting the delicate end plexuses run parallel to the muscle
fibres, covering them almost entirely. In all the three fish species examined a
closer study of the individual fibres revealed that in both atrium and ventricle
the majority of them end freely in end bulbs (Fig. 7). Hence we confirm our
previous conclusion of 1937, in connection with the higher vertebrates, that there
are free nerve endings in the myocardium. The reader may be aware that this
concept is not solely ours but has since been shared by others. As a matter of
fact, the end rings were not seen in each preparation from each fish, yet relatively
many preparations have been obtained from fish heart which, at the first sight,
would convince any observer that some of the terminal nerve fibres actually end
freely and the smaller or larger end bulbs or discs assume a hypolemmal position
in the cytoplasm of the striated muscle fibres
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Fig. 7. Cyprinus carpio. Atrium, myocardial innervation, (a) Striated muscle

fibre; (b) nucleus of the striated muscle fibre; (c) nerve fibre bundle; (d) nerve

fibre; (e) nerve ending. Bielschowsky—Abrahdm’s method. Microscopic
magnification 1250 X, reduced photographically to %

Ganglia

In every case, the localization of ganglia has been restricted to the venous sinus,
atrium and ventricle. In the arterial bulb no ganglia were demonstrable. This is
natural considering that the arterial bulb is simply a part of a vessel. In the thick
vegetative nerve trunk traversing the adventitia of the venous sinus, smaller or
larger nerve cells of the multipolar type and occasionally also larger ganglia have
been detected (Fig. 8). In the atrium of the carp, silur and pike-perch alike a
relatively large ganglion is apparent which broadens and extends to the initial
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Fig. 8.Silurus glanis. Heart; nerve plexus in the venous sinus (a) Nucleus of

connective tissue cell; (b) nerve plexus; (c) thick nervo fibre; (d) thin nerve

fibre; (e) nerve cell; (f) nucleus of the nerve cell; (g) nucleus of the satellite

cell. Bielschowsky-Abraham’s method. Microscopic magnification 600 X. re-
duced photographically to y2

portion of the ventricle. This ganglion comprises a large number of fibres and cells
which constitute a practically inextricable plexus. As far as | am informed no
descriptions of this ganglion have been available in the relevant literature.
Ganglia extending to the ventricle are usually loose, resembling rather a plexus
system within which the nerve cells are arranged closely in rows which extend in
every direction from certain points of the plexus. Another characteristic of these
ganglia is their large dimension, extending mainly in line with the heart’s longi-
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Fig. 9. Cyprinus carpio. Heart; ganglion in the atrial wall, (a) Nerve cell;

(b) nucleus of the nerve cell; (c) nerve fibre; (d) nucleus of connective

tissue cell; (e) end knob. Bielschowsky-Abrahdm’s method. Microscopic
magnification 400X, reduced photographically to 12

tudinal axis over a relatively large distance. Afurther typical feature is the marked
dissimilarity of the fibres in both thickness and descent. There are some con-
spicuously thick fibres seen not only in the trunks but also in the ganglia, occurring
in the latter in great masses and exhibiting an undulating pathway.

In general the nerve cells are large, elongate and rounded at both ends. Their
nuclei are spherical and relatively small. The greater part of these cells is of the
unipolar type and their processes extend in the form of thick undulating fibres
beyond the ganglion far into the respective nerve trunks. Around the cells smaller
or larger end bulbs are frequently seen, which are evidently the endings of pre-
ganglionic fibres and as such are themselves synapses (Fig. 9).

Some of the preganglionic fibres surround the elongate nerve cell bodies in the
form of a pericellular spiral (Fig. 10).
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Fig. 10. Cyprinus carpio. Heart; pericellular
spirals in the atrial epicardium. (a)Nerve cell;
(b) nucleus ofthe nerve cell; (c) nucleolus; (d)
pericellular spirals; (e) preganglionic fibre.
Bielschowsky-Abrahdam’s method. Micro-

scopic magnification 1800X, reduced photo-

graphically to %

The occurrence of synapses within
the ganglia was shown also by cho-
linesterase tests carried out in the
carp's heart by the method of Koelle-
Friedenwald as modified by Gerebt-
zoff. The cells became dark brown
and granular. This implies a cholin-
esterase activity in the cell surface
confirming physiologically the pre-
sence of synapses. This correlated
well with the morphological finding
which, together with the enzyme
assay, supports the hypothesis that
the ganglia synapse with the pregan-
glionic fibres. No anastomoses have
been observed among the adjacent
cells. The fibres running between
the cells constitute a plexus, where-
asin the ganglia no terminal reticu-
lum is present.

In the ganglion cells, staining with
GOmori’s chromohematoxylin-phlo-
xin technique, some vacuolization
and granulation can be seen main-
ly at the surface. But these find-
ings are not sufficient in them-
selves to demonstrate that neurose-
cretory activity occurs in the cells.

AMPHIBIA

The heart of amphibia comprises
four cavities and is localized ven-
trally. It consists of the venous sinus
(sinus venosus), two atria (atrium),

ventricle (ventriculus), and heart bulb (bulbus cordis). The nerve interconnections
between the individual heart portions have been examined on water frogs {liana
ridibunda) and in the spotted salamander (Salamandra maculosa). Histological
specimens were stained with Ehrlich’s vital methylene blue and different silver

impregnation techniques.

Ehrlich’s vital methylene blue stain was applied supravitally and intravitally.
Specimens were fixed in 10 per cent ammonium molybdenicum and the nerve
paths examined in frayed preparations. This procedure provided reliable informa-
tion on the pathway and the gross branchings of nerves, but proved unsuitable
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for a closer examination of the fine structures. For this purpose, Schadabasch’s
procedure was more helpful but not sufficiently refined.

For the detection of the system of innervation in the frog’s heart the silver
impregnation techniques appeared to be most satisfactory. Ofthese Bielschowsky’s
method proved to be superior, both in Gros” and Abraham’s adaptation. Good
preparations have been obtained also by staining with the methods of Bielschow-
sky-Gros-Cauna, Jabonero and Ramon y Cajal, respectively. The latter was used
in Cajal’s modification No. IV throughout.

Allinformation given belowon the nerve interconnections in the hearts ofthe frog
and spotted salamander has been derived from preparations obtained by the silver
methods listed above. As a matter of fact, fixed and stained preparations were also
prepared toclarifythe histological conditions. The cholinesterase activities ofnerve
cells and nerve fibres were examined with Gerebtzoff-Coupland-Holmes’ test and
the neurosecretion with Gomari’s chromohematoxylin-phloxin staining technique.

Prior to impregnation the heart specimens were fixed in 10 per cent neutral
formalin usually for 1-2 months. Fixation was frequently carried out by injecting
formalin into the heart after its afferent and efferent vessels had been tied down
and placing the whole heart afterwards in formahn. In most cases frozen sections
of 20-40/; thickness were prepared and treated with silver, occasionally with
gold, according to one of the above methods. Interconnections between the heart
wall and the nerve system were studied in totally impregnated preparations from
the atrial wall, mainly from the septum between the atria (septum atriorum).
Such preparations were very helpful and even conclusive with respect to the study
of the general nerve pictures.

Innervation of the individual portions of the heart is discussed below, in the
following sequence: venous sinus, atria, atrial septum, ventricle, heart bulb and
finally the cardiac ganglia.

Venous Sinus (Sinus venosus)

The venous sinus’ wall is extraordinarily thin yet readily dilated. Histologically
it is separable into tunica intima, tunica media and tunica adventitia. The tunica
intima consists of endothelium and lamina propria. The round nuclei of the large
polygonal endothelial cells protrude markedly towards the lumen. As a rule, the
nuclei comprise only one nucleolus, but some comprise two. The lamina propria
consists of collagenous fibres containing also many elastic ones. The thickness of
the lamina propria is variable in the different regions. The tunica media consists
of smooth muscle cells, part of them being arranged circularly, and part of them
longitudinally. Adjacent to the atrium, single striated muscle fibres and smaller
or larger bundles and trabecules, constituted of striated muscle fibres, are apparent.
The latter are arranged mainly longitudinally. In both cases the muscle elements
are traversed by connective tissue columns. The adventitia is relatively thick, its
structure being alternately compact and loose. In certain parts numerous chro-
matophores and smaller or larger vessels are present.
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Fig. 11. Rana ridibunda. Heart; nerve plexus in the wall of the venous sinus,

(a) Striated muscle fibre; (b) nucleus of the striated muscle fibre; (c) thick

nerve fibre; (d) thin nerve fibre; (e) nerve fibre plexus. Bielschowsky-Abra-

ham’s method. Microscopic magnification 600X, reduced photographically
to Y2

The nerve fibres traversing the wall of the venous sinus are well visible in in toto
impregnated preparations. The minority of them are thin sympathetic fibres
covered by a Schwannian sheath containing slightly elongated nuclei while the
majority are myeline-sheathed thick fibres of vagal origin going towards the atria
in smaller or larger trunks. Nerve cells are frequently seen within or along the
trunks’ path or sometimes even at a certain distance from them. Two types of
these cells were distinguished. Both were unipolar with a relatively thick process
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which was in one type surrounded by a spirally descending fibre, while in the other
the spiral fibre was missing. The nerve cells are relatively large and in their cyto-
plasm the neurofibrils are occasionally well visible. The nuclei are large, round and
central. In some trunks and trunk portions the cells form group-like aggregations
but mostly they arrange at a variable distance from each other along the trunks’
paths. The connective tissue is traversed by nerve fibres of varying thickness
which in certain regions constitute a loose plexus. In the smooth muscle layer
delicate plexuses are seen. The available preparations have not permitted a
definitive conclusion concerning the closer relationship of the smooth muscle cells
with the nervous system, yet it is certain that within the smooth muscle layer no
trace of a terminal reticulum has been detected, in spite of the opinions supporting
its existence. In fact, there is but a simple end plexus whose fine terminal fibres
end in hypolemmal bulbs within the smooth muscle cells. These endings are,
however, only seldom detected and then with difficulty. The same applies to wall
portions where the smooth muscle tissue mingles with striated muscle tissue or
there is a transition of smooth muscle into striated muscle (Fig. 11).

Atrium

In the atrial wall the characteristic layers of the heart wall are sharply defined.
The epicardium is thicker on the ventral surface than on the dorsal one. It consists
mainly of collagenous fibres. The epithelial cells constituting its border are cuboidal
on the dorsal, while flat on the ventral surface. It connects with the myocardium
by a loose connective tissue. In general, the myocardium is thin and its structure
loosely arranged. The striated muscle fibres form a spongiose system. The muscle
fibres are slightly elongated and show branching. The endocardium thickens at the
base of the sino-atrial valves but otherwise it is relatively thin. Its connective
tissue fibres are mainly of the collagenous type, but also elastic fibres occur therein
in arelatively large number. The endocardium is bordered by squamous endothelial
cells against the atrial lumen and also against both sides of the atrial septum. The
latter’s large round nuclei are markedly protrusive.

The nerve fibres supplying the epicardium originate partly from the smaller
nerve trunks descending from the venous sinus and partly from trunks passing or
traversing the Remak ganglion. In the form of larger bundles these trunks enter
the atrial septum whence they pass dorsally towards the ventricle. The nerve
trunks consist mainly of varicose undulating fibres but in a minor number they
also contain smooth-edged, thin, sympathetic fibres. Many of the thicker fibres arc
myeline-sheathed. Not infrequently there are nerve bundles composed exclusively
of myeline-sheathed nerve fibres. These pass to the ventricle at the base of the
atrioventricular valves. In the epicardium itself there is a rich plexus, some fibres
of which terminate in end rings of varying sizes.

The atrial muscles are richly interwoven with rami stemming from greater nerve
trunks and with single nerve fibres as well. The terminal fibres constitute a delicate
plexus some fibres of which end freely on the striated muscle fibres (Fig. 12).
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Fig. 12. Rana ridibunda. Heart; nerve plexus in the atrium, (a) Connective
tissue; (b) nucleus of connective tissue cell; (c) striated muscle fibre; (d)
nucleus of the striated muscle fibre; (e) nerve fibre; (f) nerve plexus; (g) nerve
ending. Bielschowsky—Abraham’s method. Microscopic magnification 600 X,

reduced photographically to %

The endocardium is relatively rich in nerve fibres, namely at its junction with
the right atrium. In general, nerve fibres run in parallel with the connective tissue
fibres constituting the largest mass immediately below the endothelium. Some

sensory fibres terminate in end discs.

Atrial Septum (Septum atriorum)

The atrial septum separating the two atria is a thin transparent membrane. Its
bulk is constituted by its middle layer, the myocardium, bordered against the
lumens by thin endocardium. The muscle cells of the myocardium ramify to form
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Fig. 13. Rana ridibunda. Heart; nerve plexus in the atrial septum, (a) Nucleus
of endothelial cell; (b) striated muscle fibre; (c) nucleus of striated muscle
fibre; (d) nerve bundle; (e) nerve cell; (f) nucleus of the nerve cell; (g) process
of the nerve cell; (h) nerve fibre plexus. Bielschowsky-Abraham’s method.
Microscopic magnification 280 X ,reduced photographically to y2

a loose plexus. To this network is attached the endocardium whose structure is
identical with that of the atrial wall’s endocardium.

Of all parts of the heart the atrial septum is richest in nerves. In the septum
pass the two larger trunks arising from the ramus cardiacus, the nervus septalis
dorsalis and nervus septalis ventralis. Along these nerve trunks, nerve cells aggre-
gate in masses and there are several single nervous cells attaching to the trunks as
well (Fig. 13). The cells are unipolar, extending thick processes into the trunks
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Pig. 14. Rana ridibunda. Heart; nerve cells in the atrial septum, (a) Nucleus of

endothelial cell; (b) striated muscle fibre; (c) nucleus of striated muscle fibre;

(d) nerve cell; (e) nucleus of the nerve cell; (f) process of the nerve cell; (g) nerve

fibres. Bielschowskv—Abraham’s method. Microscopic magnification 1300 <,
reduced photographically to y2

wherein they are seen to cover quite large distances. The cell body is usually
conspicuously large, roundish or slightly elongate. The nucleus is nearly spherical
localizing in every case at the cell’s border near to its surface. The cytoplasm is
granulated, neurofibrils are not visible except at the exit of the process from the
cell. At this site they form parallel bundles which accompany the process along its
pathway in the trunk over quite a large distance. The cell process passes through
the trunk in a slightly narrowed but otherwise unchanged form without branching.
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Fig. 15. Rana ridibunda. Heart; pericellular spirals in the atrial septum, (a)

Nucleus of endothelial cell; (b) striated muscle fibre; (c) nucleus of striated

muscle fibre; (d) nerve cell; (e) nucleus of nerve cell (f); process of nerve cell;

(g) nerve trunk; (h) nerve fibre; (i) pericellular spirals; (j) preganglionic fibre.

Bielschowskv-Abrahdam’s method. Microscopic magnification 1300 X ereduced
photographically to *>

Infrequently, however, sections have been encountered showing the branching of
the process into two uniformly thick rami running further on in the same direction
within the trunk (Fig. 14).

Many of the unipolar nerve cells attaching to the trunks connect with a relatively
thin, spirally descending nerve fibre. This, known as a spiral fibre, circumflecte
several times the neck part of the usually pear-shaped cell and the process de-
bouching therefrom as well.
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Occasionally the spiral fibre may connect two cells. This coupling is brought
about in that the fibre approaching two closely neighbouring cells circumflects first
the process extending from one of them, then passes to the process of the other
which it again circumflects several times and finally winds around both cells
(Fig. 15). In both cases it is clear that the fibre has originated from a nerve
trunk and is thus an entirely foreign morphological structure in relation to
either cell.

Spiral fibres detected around nerve cells confront the neurohistologist with
severe problems. Some investigators consider this phenomenon a phylogenetic
character, while others (Stéhr, 1957) a pathological alteration. Again others believe
that the spirals are transmitting stimuli and as such should be regarded as synapses
(Abrahédm, 1950-56; Kirsche, 1958). To derive a definitive conclusion from these
controversial views let us examine all problems encountered and try to solve them
on the basis of experimental results.

According to one concept the spiral fibres are simply processes of nerve cells
equipped with a spiral apparatus. This opinion is contradicted by all preparations
obtained by the up-to-date silver impregnation method. These preparations show
that the spiral fibre wound round the cell is not a process thereof but approaches
it from a distant source and its position in the nerve trunk, too, can be precisely
identified.

The other opinion states that the nerve spirals are temporary structures appear-
ing and disappearing in the course of phylogenesis whence they should be consider-
ed accidental, viz. structures which are sometimes absent, sometimes again present,
thus having essentially no bearing on nerve function. Undoubtedly, this view can-
not be accepted, 'theories like that have been advanced by workers studying the
vegetative nervous system obviously only in higher vertebrates and who have
been lacking experience on similar systems in the higher invertebrates and the
lower vertebrates. They first appear in fishes being particularly conspicuous around
the cells constituting the heart ganglia. In amphibia, too, they are demonstrable
within the ganglia as well as along the path of nerve trunks. There are spirals in
reptilia, birds and mammals as well. If this be true then spirals must not be
considered accidental structures but rather actual parts of a highly organized
nervous system and as such a functional necessity. That spirals are no chance
remnants of phylogenesis is, apart from the above considerations, shown also by
the fact that they are entirely lacking in the vegetative nervous system of the
higher invertebrates. As an example, we refer to the gastrointestinal innervation
in leeches and snails. As shown by our recent studies, these animals possess
numerous pear-shaped, unipolar nerve cells whose single thick process enters into
the nerve trunk. Pictures of the garden snail’s (Helix pomatia) nerve system,
that yielded readily to impregnation, appeared to be completely identical with
those obtained from the atrial septum (septum atriorum) of the frog (liana ridi-
bunda) (Fig. 16), except for one substantial feature, viz. in the snail both spiral
networks and pericellular baskets have been definitely missing. This again implies
that the spirals are not accidental structures involved in the course of phylo-
genesis but are, as stated above, essential structures of the vegetative nervous
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Fig. 16. Helix pomcitia. Nerve fibre plexus in the intestinal wall, (a) Muscle

fibre; (b) nucleus of muscle fibre; (c) nerve cell; (d) nucleus of nerve cell; (e)

process of nerve cell; (f) nerve fibre bundle; (g) nerve plexus. Bielschowsky—

Gros’ method. Microscopic magnification 256 X, reduced photographically
to y2

system whose development was necessitated by certain higher functions of
vertebrates.

The spiral fibre has no relationship with the nerve cell around which it winds
passing to it from other distant fibre structures as a broader synaptic formation
covering a larger area and communicating impulses of greater intensity, either
continually or, if so required by the nature of the synapsis, periodically. Hence the
spiral structures seen around the larger nerve cells of the venous sinus and the
atrial septum are stimulus conductors that according to Kirsche’s concept belong
to synapses of greater transmission area.

The question arises of what origin might be the spiral nerve fibres encountered
in the frog’s heart. Analysis of normal pictures hardly allows reliable conclusions.
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Fig. 17. Rana ridibunda. Heart; degenerating nerve fibre plexus in the atrial

septum, 22 days afterbilateral vagotomy, (a) Striated muscle fibre; (b) nucleus

of striated muscle fibre; (c) nerve cell; (d) nucleus of nerve cell; (e) process of

nerve cell; (f) degenerating pericellular spirals; (g) nerve trunk; (h) degenerat-

ing nerve fibre. Bielschowsky-Abraham’s method. Microscopic magnification
1350X, reduced photographically to y2

Therefore, in the course of our studies, nerve section experiments were also per-
formed. In larger frogs one or both of the vagi were cut either simultaneously or
subsequently after a short interval. The frogs, particularly the female ones, toler-
ated the intervention well. Fatalities were quite infrequent. Operated frogs were
then killed after various intervals, their hearts filled with neutral formalin and the
large vessels tied down. After several months the venous sinus and atrial septum
were exposed and subjected to total impregnation. The preparations obtained from
these animals have shown that degeneration has started several days after vagal
section. It was, however, quite slowly progressive in the area of the atrial septum.



INNERVATION OF THE HEART 33

In;. 18. Nlana ridibunda. Heart; nerve plexus in the atrial septum, (a) Endo-
thelial cell; (b) striated muscle tibre; (c) nucleus of striated muscle fibre; (d)
thick nerve fibre; (e) thin nerve fibre; (f) varix; (g) nerve fibre plexus. Biel-
schowsky—Abraham’ method. Microscopic magnification fiOOX, reduced

photographically to %

Whilst the nerve fibres of the ventricular myocardium became granulated and
fell asunder, there was hardly any sign of degeneration in the nerve spirals.
In material obtained from frogs killed between the 20th and 22nd day after
neurotomy the degeneration of spirals was, however, quite obvious yet still
incomplete. The preparations revealed only a transformation of the nervous tissue

to small granula which were still attached to each other but already showed signs
of a forthcoming decomposition (Fig. 17).These nerve picturespresentfirm evidence
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that the spiral fibres have no genetic relationship with the nerve cells since they
belong to the vagal fibre system and as such they start to degenerate after cutting
the vagus. If this be true, then the pericellular spirals are actually synapses
belonging to the vagal fibre structure which as end portions of the preganglionic
fibres are responsible for the conduction of impulses to the processes, i.e. bodies of
the nerve cells.

Concerning the general innervation of the atrial septum, the following observa-
tions have been made. Like the endocardium of the atrial wall, that of the atrial
septum also contains delicate plexuses some fibres of which end here and there in
end rings. These fibres, supposedly belonging to the vagal sensory system, are
apparently the receptors of the atria.

Muscle fibres constituting the myocardial layer of the septum are thin and long,
occasionally extending at a great distance from each other. Nerve bundles and
rami exiting from the trunks gradually give rise to branches which form plexuses
on the muscle fibres (Fig. 18). The end fibres of these plexuses are very thin,
varicose and in total preparations they can be pursued over a great distance
without detecting any closer relationship between them and the muscle fibres.
In general, even the finest preparations seem to be inadequate for a precise study
of end connections. This is, however, not true, as tenacious microscopic examina-
tions have revealed that the most delicate nerve end fibres terminate in tiny rings,
supposedly under the sarcolemma. Krause reports structures resembling antler’s
branches. We did not detect such patterns in our preparations. The nerve trunks
passing through the septum (nervus septalis dorsalis, nervus septalis ventralis)
continue at its dorsal end in two larger ganglia, known as Bidder’s ganglia.

Ventricle (Ventriculus)

Histologically, from outside towards its inside the ventricle is constituted by
epicardium, myocardium and endocardium. The epicardium consists of collagenous
connective tissue bundles with many elastic fibres among them. Towards the outer
surface the epicardium is bordered by a single-layered epithelium with elongate and
remarkably flat cells.

The myocardium consists of striated muscle fibres which, owing to the manifold
functions of the ventricle, arrange in various directions. Of these the surface layer
appears to be most homogeneous bordering the ventricle’s cavities like a coherent
cortex. To this cortex are attached inwardly bundles of different arrangements and
directions which in vivo sen e for the physiological dilatation and contraction of
the subcavities of the complicated system of heart cavities.

In the ventricle, too, the endocardium consists of fibrous connective tissue whose
loosely arranged collagenous fibre structure is traversed by elastic fibres. Endo-
thelial cells, lining the inner surface of the connective tissue in a simple layer, are
elongate and flat, forming a pouch only where their nuclei are located. The layers
of the ventricle wall are richly supplied with nerves. In thicker nerve trunks
passing within the epicardium as well as in the nerve bundles exiting therefrom,
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Fig. 19. Salamandra maculosa. Heart; nerve fibre plexus in the atrial epi-
cardium. (a) Nucleus of epithelial cell; (b) connective tissue; (c) nucleus of
connective tissue cell; (d) nerve bundle; (e) nerve cell; (f) nucleus of nerve
cell; (g) neurofibril; (h) process of nerve coll. Bielschowsky-Abraham’s
method. Microscopic magnification 150X, reduced photographically to %

myelinated fibres are also seen which, after loosing their myeline sheath, gradually
mingle with the sympathetic fibres.

The epicardium is traversed by loose nerve plexuses whose end fibres terminate
here and there in well-visible end rings. As a matter of fact, the end rings are but
infrequently seen. If they are there at all they are, however, quite conspicuous.
Their location and shape both suggest that together with the end rings seen in the
atrial epicardium they are functioning as receptors of the heart wall. The end
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Fig. 20. Rana ridibunda. Heart; nerve fibre plexus in the ventricular wall,

20 hr after bilateral vagotomy, (a) Striated muscle fibre; (b) nucleus of striated

muscle fibre; (c) nerve fibre; (d) degenerating nerve fibre. Bielschowsky—

Abraham’s method. Microscopic magnification 600X, reduced photo-
graphically to y2

rings detected in the epicardium and occasionally also in the endocardium may
well be considered the first appearance of the receptor system in the vertebrate
heart which, emerging upwards in the system, gradually grows and multiplies
making its appearance in the mammals in the form of complicated nerve end
apparatuses. In the epicardium, numerous ganglia and along the nerve trunks

nerve cells are seen (Fig. 19).
The ventricular myocardium is rich in fibres. Nerve trunks of varying size,

exiting from the region of Bidder’s ganglion, go mostly dorsally in the cortex of
the muscular layer. Nerve fibres, too, are of varying thickness, their path being
either straight or often winding like a spiral. Not infrequently quite thick fibres are
seen, occasionally also their myeline sheath is well visible. As a rule, thick fibres
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are accompanied by particularly thin ones which either run adjacent to them or
which traverse their path winding to and fro and forming loops. The path of thin
fibres is not quite straight in some muscular columns. Sometimes they form a loop
and continue their path in the opposite direction. Also, such fibres occasionally
thicken in a given area, then become thin and descend among the muscular
columns without further demonstrable changes in their diameter (Fig. 20). In other
cases varices of varying size are seen at nearly regular distances both on thick
and thin fibres. Sometimes the varices are elongate and sometimes roundish or
ovoid in shape. It is of interest that in one and the same microscopic picture the
different fibres show a dissimilar appearance of varices and few of them carry no
varices at all.

The endocardium is markedly rich in nerve fibres particularly at the exit of the
heart bulb from the chamber. The nerve fibres form well-visible plexuses especially
adjacent to the myocardium; in these plexuses some of the fibres show distinct end
rings. The number of rings is high in certain regions: in some of them discs are
seen adjacent to each other. Like similar structures in the epicardium and endo-
cardium, these discs seem to constitute the receptors of the heart wall.

Heart Bulb (Bulbus cordis)

The heart bulb arises from the left muscular region of the ventricle wall. Its base
is thick and it narrows slightly cranially and continues in the arterial trunk. The
epicardium exhibits the usual structure and adjacent to it extends the myocardium
which consists of striated muscle fibres and as such has to be considered a true
portion of the heart. Its muscles are highly developed and consist mainly of circular
bundles. Towards the lumen the muscles are bordered by a 30-40 v thick elastic
membrane containing also collagenous fibres. The innermost layer is a typical
endocardium.

The epicardium is traversed by larger nerve trunks consisting of myelinated
fibres and bare axons. From the trunks exit rami of varying size containing fibres
of different thickness. The fibres gradually branch to form delicate end plexuses.
Here again many of the delicate fibres constituting the end plexuses have been
found to terminate in end rings.

The myocardium is practically interwoven with nerve fibres of varying thickness.
Between the different layers of striated muscle fibres nerve plexuses of variable
appearance are seen. Some of them show a markedly loose plexus. Ah of them
contain thick fibres which here and there exhibit pouching as well as conspicuously
thin ones running occasionally adjacent to the path of the thick fibres. At the
ending of some thin fibres, but also along their path, end rings are frequently seen,
sometimes even being aggregated in groups.

Beside the loose plexuses there are some constituted by many nerve fibres.
Dense plexuses are seen mainly in regions where the muscular tissue borders
directly on the endocardium. Fibres constituting the dense plexuses are mostly
thin thus lending them the appearance of an end plexus. Within the plexus some
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Fig.21.Rana ridibunda. Heart; nerve fibre plexus in the wall of bulbus cordis,

(a) Connective tissue; (b) nucleus of connective tissue cell; (c) striated muscle

fibre; (d) nucleus of striated muscle fibre; (e) nerve fibre; (f) nerve ending.

Bielschowsky-Abrahdm’s method. Microscopic magnification 600 X, reduced
photographically to y2

fibres run a markedly undulating, sometimes even zigzag path. Most of the fibres
are free of varices, but numerous end rings are apparent. Some of these are located
actually at the fibres’ ends, while others are found along their descent, either
singly or in pairs. In every case, the latter have been identified as end rings whose
interconnection with the nerve fibre is either inconspicuous or on the other hand
its connecting branch is well visible at a higher magnification (Fig. 21). The
proximity of the plexus to the endocardium and the extensive system of end rings
are both suggestive of the presence of a rich sensory system functioning in the
bulbar wall as a receptor apparatus. In view of the system’s location and structure
there is reason to suppose that actually it constitutes a depressor afferent system
similar to that found in the aortic arch of higher vertebrates.
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Nerve Endings of the Myocardium

The question arises how the nerve fibres traversing all parts of the myocardium
would conjugate withthe striated muscle fibres. This question has already been put
several times and answered in various ways inthe past. The discrepancy ofopinions
should be ascribed on one hand to the dissimilarity of methods employed and on the
other hand to hypotheses derived from opposed schools ofthought. Before stating
our position it is worth while to survey the theories advanced in this context.

Studying preparations treated with gold and osmic acid, Ranvier (1880) con-
cluded that in the frog’s heart the nerve fibres enter the muscle fibres yet do not
terminate therein but pass into the adjacent muscle fibres. Openchowsky (1883),
examining hearts of amphibia by gold treatment found that nerve fibres terminate
on the muscle fibres in end rings and never penetrate the muscle fibres.

Lateron Jacques (1894) and Smirnow (1890), using Ehrlich’s and Golgi’s method
for examination of the myocardium in the frog’s heart, supported Openchowsky’s
concept.

Hofmann (1902), being closer to Ranvier’s opinion, stated that the nerve fibres

did not enter the myocardial muscle fibres, nor did they end freely but formed a
coherent closed plexus.

Michailow (1908), who employed a modification of Ramon y Cajal’s method for
the study of the frog’s heart, established that the nerve fibres end freely between
the myocardial muscle fibres, yet the neurofibrils pass further and end nowhere.

Refraining from further references, we try to outline our concept below as
derived from observations on our own preparations. As already mentioned, nerve
fibres interweaving richly in all parts of the myocardium are gradually branching
off. These ramifications give rise to very thin end fibres packed with delicate varices
terminating within the muscle fibres iredetly under the sarcolemma. That nerve
fibres actually end there can be clearly seen in all good preparations. Another
guestion is whether these end ringe are located inside the muscular fibre or are
merely attached to the sarcolemma’s surface. In this respect the light microscope
allows no definitive information. Yet we believe we might surely rely on a general
observation made in connection with all nerve endings studied, viz. the position
ofthe end ring to the muscle fibre’s nucleus in the microscopic picture. If the nerve
end ring and muscle cell nucleus are both clearly visible at a given adjustment of
the microscope, this implies that both of them are located within the muscle cell’s
protoplasm. As this phenomenon was repeatedly observed in the course of our
studies we have considered it a further support for our position stated already in
1937 that nerve fibres terminate hypolemmally in end rings within the myocardial
muscle cells.

Origin of the Intracardiac Nerve Fibres
Nerve fibres supplying the heart wall arise partly from the vagus, partly from
the cervical sympathetic and partly from the intracardiac ganglia. Concerning the
nature of fibres innervating the individual histological layers of the heart wall we
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Fie. 22. Rana ridibunda. Heart; degenerating nerve plexus in the ventricular

wall, 20 hr after bilateral vagotomy, (a) Striated muscle fibre; (b) nucleus of

striated muscle fibre; (c) nerve fibre bundle; (d) nerve fibre; (e) degenerating

nerve fibres. Bielschowsky-Abraham’s method. Microscopic magnification
600 X, reduced photographically to %

are restricted to theoretical considerations. In this context it seems to be natural
to assume that nerve fibres supplying the epicardium and endocardium all arise
from the vagus whereas those supplying the myocardium might arise from the
other two sources as well. Nevertheless, normal nerve pictures do not permit a
differentiation of the source of the individual nerve fibres in the myocardium.
In any case it seems to be fairly certain that the thick myelinated fibres seen
everywhere in the heart wall’s myocardium belong to the vagal sensory system.
It must not be stated, however, that non-myelinated fibres are partly sympathetic
fibres and partly postganglionic fibres of the intracardiac ganglia as the central
efferent vagal fibres should additionally be taken into consideration.
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To approach this problem more closely, a further series of experiments was
performed. The right or left vagus of a number of large frogs (Bam ridibunda)
was cut immediately below the jugular ganglion. Frogs, particularly the females,
tolerated this intervention very well; the vagus of the other side was then also cut
either in immediate sequence or simultaneously. In the latter case mortality was
relatively high, yet many of the frogs survived for 20, 30, 40 or even 50 days after
bilateral vagotomy. In the operated animals degeneration of the ventricular myo-
cardium was found to have started 20 hr after bilateral vagus intersection. In the
more delicate fibres, namely in end fibres, typical granulation was seen and later
on most of the fibres decomposed and disappeared (Fig. 22).

The above experiments revealed degeneration not only in the nerve fibres
supplying the atrial myocardium but also in those supplying the ventricular myo-
cardium. This implies that the central vagal fibres also go into the ventricular
myocardium. Hence it is very likely that not all vagal fibres terminate in the
ganglia located within the venous sinus but that some of them traverse the ganglia
and end in the ventricle. This phenomenon is, however, explicable also by assuming
that all nerve fibres of the ventricular myocardium are postganglionic fibres that
degenerate after a bilateral vagotomy owing to the absence of impulses through
the degenerating preganglionic fibres.

Ganglia

In the frog’s heart three larger ganglia are present, viz. Remak’s ganglion in the
venous sinus, Ludwig’s ganglion in the lower portion of the right atrial wall and
the two ganglia of Bidder, situated left and right along the atrial septum (septum
atriorum). These ganglia are actually plexuses containing nerve cells. Nerve cells
are relatively large, with a single process, within which the neurofibrils are oc-
casionally very clear. The broad process either branches off gradually, or narrows
and enters a nerve trunk. Part of the cells are characterized by association with
a spiral fibre or a pericellular basket. Observations, experimental results and
theoretical considerations all indicate that the latter are synapses in the sense of
Kirsche’s concept viz. synapses with a large transmission area. Further to this, in
some cells, namely in those comprised in the interseptal nerves, there are knots of
varying dimensions which owing to their shape and location may be considered
synapses with small transmission area (Fig. 23).

Nerve cells located in the three large plexuses denominated as ganglia and also
those located along the nervus septalis dorsalis and nervus septalis ventralis
display an intensive cholinesterase activity restricted, however, to the surface of
the cell and its process. This observation confirms the morphological implication
that these cells belong to the system of the vagal nerve.

In the ganglia there are also nerve cells in which this enzymic reaction is absent.
These are regarded as of sympathetic origin (Fig. 24). In preparations stained with
GOmori’s chromohematoxylin-phloxin granules of smaller or greater size were
occasionally demonstrable; however, they cannot be considered neurosecretion



42 INNERVATION OF THE HEART AND BLOOD VESSELS

Fig. 23. Rana ridibunda. Heart; synapses in the atrial septum, (a) Striated

muscle fibre; (b) nucleus of the striated muscle fibre; (c) nerve fibre;

(d) varix; (e) nerve cell; (f) nucleus of the nerve cell; (g) end knob; (h) peri-

cellular spiral. Bielschowsky-Abraham’s method. Microscopic magnification
1350X, reduced photographically to y2

material at all. First of all the number of the granules is very variable in the single
cells and granules were not to bo found along the process of the cell. According to
the literary data and our exporience concerning the insect brain (Dytiseus margina-
lis) one could speak about neurosecretion only in such cases if it is evident that
the granules produced in the cell body are evacuated from the cell. In such a
sense we could not speak about neurosecretion in the ganglion cells in the heart of
the frog nor in general in the cells of the whole sympathetic nerve system.
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Fig. 24. Rana rididunda. Localization of acetylcholinesterase activity in the
nerve plexus of the atrial septum, (a) Nerve cells; (b) nerve bundle; (c) nerve
fibre. Microphotography

Pericardium

The pericardium is an extraordinarily thin connective tissue membrane which
readily peels off from the heart. It contains many pigment cells and elastic fibres.
Here and there the latter accumulate in masses and after staining with resorcin-
fuehsin these areas seem to be quite black. The pericardium is richly innervated.
The smaller and larger nerve bundles, and the single fibres derived from them
constitute a loose plexus (Fig. 26). Some of these fibres are thick, others quite thin.
Their appearance suggests that thick fibres have a sensory function, whereas thin
ones serve for vascular innervation. No sensory endings were found.

REPTILES (REPTILIA)

In reptiles, the heart is situated in the anteriormost part of the body ventrally
in the middle line. Its parts are the venous sinus, two atria and two ventricles.
The innervation of the individual parts was studied microscopically on animals
easily accessible to us: steppe monitor (Varanus griseus), common snake (Tropi-
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Fig.25. liana ridibunda. Heart; nerve plexus in the pericardium, (a) Bundle of

connective tissue fibres; (b) nucleus of connective tissue cell; (c) thick nerve

fibre; (d) thin nerve fibre; (e) nerve plexus. Bielschowsky-Abraham’s method.
Microscopic magnification 400X, reduced photographically to V2

donotus natrix), regal python (Python reticulatus) and the pond tortoise (Emys
orbicularis).

For the impregnation of heart specimens Bielschowsky-Abraham’s and Jabone-
ro’s methods proved to be most helpful. In this context it is noted that the impreg-
nation ofthe pond tortoise’s heart was particularly successful when uni- or bilateral
vagotomy was performed in the living animals. VVagotomy was easily performed
and as a rule the tortoises tolerated the operation well. Only the frequent fits of
transitory asphyxia interfered notably with the normal life of the animals. In some
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Fig. 26. Emys orbicularis. Heart; nerve fibre plexus from the root of the vena

cava inferior, (a) Striated muscle fibre; (b) nerve cell; (c) thick nerve fibre;

(d) thin nerve fibre; (e) nerve fibre plexus. Bielschowsky-Abrahdm’s method.
Microscopic magnification 600 X, reduced photographically to %

of them, post mortem examination revealed the development of enormous
diverticula in the oesophagus. The animals survived for several months after
bilateral vagotomy.

In the following we discuss separately the innervation of the individual heart
parts with proper reference to some histological aspects.

Venous Sinus (Sinus venosus)

The venous sinus is, as in amphibia also in reptiles, essentially a continuum of
the venous wall and markedly rich in nerve fibres. Different nerve trunks and
bundles were found in large numbers in all three layers, particularly in the
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Fro. 27. Varanus griseus. Myocardial plexus in the right atrium, (a) Striated

muscle fibre; (b) nucleus of striated muscle fibre; (c) nerve bundle; (d) nerve

fibre; (e) nerve ending. Bielschowsky-Abrahdm’s method. Microscopic magni-
fication 600X, reduced photographically to }2

media. From the bundles arise smaller or larger rami from which exit the nerve
fibres to form rich plexuses together with the thicker trunks. The extension and
density of plexus vary in the individual layers in accordance with their functions.
Thus the nerve plexus is richest in the adventitia, particulaily in transition areas
between smooth and striated muscles. In this plexus, ganglia and also larger nerve
cells attaching to the nerve bundles are frequently seen. These cells, or chains of
cells, are particularly conspicuous in the venous sinus of the tortoise, steppe
monitor (Varanus griseus) and the regal python (Fig. 26).
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Fig.28. Emys orbicularis. Nerve plexus in the right atrium, (a) Striated muscle

fibre; (b) nucleus of striated muscle fibre; (c) nerve bundle; (d) nerve fibre; (e)

nerve fibre plexus. Bielschowsky-Abraham’s method. Microscopic magni-
fication 600 X, reduced photographically to %

Atrium

In all reptiles examined, the atrial wall was relatively thin and as such suited
for in toto impregnation. In this respect the most conclusive nerve pictures were
obtained from the tortoise. The layers constituting the atrial wall are discussed
below.

The epicardium is thinand consists of collagenous connective tissue fibresmingled
with relatively numerous elastic fibres, namely in the region bordering the myo-
cardium. From outside, the epicardium is covered by a simple epithelial layer.
Between the connective tissue bundles there are nerve trunks of varying dimen-
sions, consisting mostly of smooth undulating fibres.Among these fibres somethicker
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PLATE |1

(a) Varanus griseus. Nerve plexus in the right atrial myocardium

(b) Ovis aries. Loops of the vessels in the sclero-corneal junction; innervation

(c) Sus scrofa domestica. Heart; sensory nerve end plates at the border of the
sinoatrial node

(d) Sus scrofa domestica. Aortic arch; receptor in the adventitia
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Fig. 29. Python reticulatus. Heart; nerve plexus in the atrial endocardium, (a)
Connective tissue; (b) nucleus of the connective tissue cell; (c) connective
tissue fibre; (d) striated muscle tissue; (e) striated muscle fibre; (f) nucleus of
the striated muscle fibre; (g) nerve bundle; (h) nerve plexus; (i) thick nerve
fibre; (j)thin nerve fibre; (k) branching. Bielschowsky-Abraham’s method.
Microscopic magnification 640 X, reduced photographically to %

ones, presumably of vagal origin, are also seen. Here and there they conjugate
with the connective tissue bundles by fine varicose branches. The nature of this
connection remains to be investigated. In our preparations we consistently failed
to identify nerve endings that would suggest a sensory function of the fibres in

question. However, the shape and location of the ramifications are indicative of
their receptor function.
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The myocardium consists of striated muscles arranged in bundles. The bundles
ramify and their branches anastomose giving rise to a very dense muscular
texture. In the atrial regions the myocardium is trabecular; from the dense

muscular network the trabeculae extend into the lumen. The inter-trabecular areas
of the atrial wall are very thin and consist only of connective tissue through
which the epicardium and endocardium are linked with each other.

The atrial myocardium is extremely rich in nerves, particularly when compared

to the ventricular myocardium which, mostly in snails, is far less well supplied than
is the atrium (Fig. 27, Plate 1/a, p. 48). The rich innervation is particularly con-
spicuous in the right atrium of tortoises, traversed by enormous nerve trunks that
conjugate to form a dense network. Within the trunks there are roughly uniform,
smooth fibres of undulating descent, mingled with some elongate varicose fibres
surpassing them in length. Among the interconnected trunks and bundles thinner
rami and single fibres are frequently seen, occurring in masses mainly along the
larger trunks and occasionally connecting with them to form a rich plexus (Tig. 28).
Also, in the wall of the right atrium, large unipolar nerve cells often occur inside
the plexuses or along them. In the overwhelming majority of cases the process of
nerve cells located along the plexus is seen to enter therein and to continue its
path between the fibres.

The atrial endocardium is extraordinarily thin and consists of collagenous con-
nective tissue bundles containing some elastic fibres. Towards the lumen the
endocardium is bordered by endothelium. This layer is innervated by a loose nerve
plexus constitute d by smooth undulating fibres and also by some thicker fibres and
tree-like ramifications (lig. 29).

Atrial Septum (Septum atriorum)

The structure as well as the innervation of the atrial septum are of particular
interest. Its thickness depends on the dimensions of the heart. In general it is thin
enough for total impregnation. Essentially it is a duplicate of the myocardium and
endocardium. The myocardium is trabecular. Between the trabecules there are
large connective tissue lattices traversed here and there by thinner bundles of
muscle fibres.

The atrial septum is fairly rich in nerves. It is traversed by a plexus of large nerve
bundles along which giant ganglia are seen. In addition to the ganglia, smaller
and larger groups of nerve cells are present either inside or outside the trunks.
Similarly to those described in connection with the innervation of the venous sinus
wall these cell groups also consist of large roundish unipolar cells (Fig. 30). Beside
nerve trunks and bundles there are many single nerve fibres exiting from the trunks
to form a rich plexus inside the bundles of striated muscle. Some fibres of the
plexus are closely associated with the muscle fibres, terminating hypolemmally
in end rings. We shall revert to this question in context with nerve interconnections
in the ventricular myocardium (Fig. 31).
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Fig- 30. Emys orbicularis. Heart; nerve fibre plexus in the atrial septum, (a)

Striated muscle fibre; (b) nerve fibre bundle; (c) nerve cell; (d) nucleus of the

nerve cell; (e) ganglion; (f) nerve plexus. Bielschowsky-Arbahdam’s method.
Microscopic magnification 120X, reduced photographically to %

Ventricle (Ventriculus)

The walls of the ventricles are thicker than those of the atria thus permitting
the separation of the individual layers more readily. The ventricular epicardium
consists of collagenous connective tissue fibres traversed by elastic fibres. It is
richly innervated similarly to the atrial epicardium. The plexuses are loose, broad-
meshed, comprising also thick fibres.

The ventricular myocardium consists of compactly arranged bundles of striated
muscle fibres. It contains numerous arteries of varying dimensions as well as veins
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Fig. 31. Emys orbicularis. Nerve plexus in the atrial septum, (a) Striated

muscle fibre; (b) capillary vessel; (c) nucleus of endothelial cell; (d) thick

nerve fibres; (e) thin nerve fibres; (f) nerve fibre plexus. Bielschowsky-Abra-

hdam’s method. Microscopic magnification 600X, reduced photographically
to 2

and capillaries. Its innervation differs greatly in the various representative species
of this group of animals. As a matter of fact, these differences may depend also
on the success of impregnation; thus one should be careful about conclusions.
According to our own experience, in lizards and snails the innervation of the
ventricular myocardium is poor, large nerve trunks and bundles usually could be
seen between the muscle bundles. In lizards and snails, however, only a few nerve
branches and single fibres were seen in the myocardium, delicate plexuses being
absent. Most of the fibres are thin and smooth-bordered, their diameters remaining
unaltered throughout. Adjacent to the ventricular apex, however, exceptionally
thick fibres may be seen descending usually alone and yielding to impregnation
only in portions as a result of their winding path. A rich supply of nerve fibres is
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Fig. 32. Python reticulatus. Heart; nerve fibres in the left ventricular myo-

cardium. (a) Striated muscle fibre; (b) nucleus of striated muscle fibre; (c)

artery; (d) nerve fibre; (e) varix. Bielschowsky—Abraham’s method. Micro-
scopic magnification 600 X, reduced photographically to %

present along the large arteries of the myocardium. In these areas nerve fibres
and bundles are numerous not only on the arterial walls but also around them.
In the nerve bundles characteristic varicose fibres are apparent. 1t was found that
in examined lizards and snails, the nerve fibres supplying the ventricular myo-
cardium run along the larger blood vessels (Fig. 32).

In the tortoise, the ventricular myocardium was found to be fairly or even
extraordinarily rich in nerve fibres. This applies to both vagotomized and normal
animals. In the ventricular myocardium of these animals, particularly in the right
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Fig. 33. Emys orbicularis. Nerve fibres and nerve endings in the wall of the

right ventricle, 17 days after bilateral vagotomy, (a) Striated muscle fibre;

(b) nucleus of striated muscle fibre; (c) thick nerve fibre; (d) thin nerve fibre;

(e) nerve end ring. Bielschowsky-Abraham’s method. Microscopic magnifica-
tion 1350X, reduced photographically to %

one, an enormous mass of nerve fibres became apparent upon impregnation (Fig.
33). Many of these fibres were conspicuously thick, markedly winding and rich in
neurofibrils.

Beside them there are also masses of thinner sharply bordered fibres and of
fibres whose endings are very distinct. Evidently, the unexpectedly large mass and
clear picture of innervation visible was brought about by the argentophilia due to
vagal section.

The ventricular endocardium is a very thin, delicate connective tissue membrane
bordered against the lumen by endothelium. In this layer, in the steppe monitor,
phyton and tortoise as well, impregnation occasionally revealed a fairly fine nerve
plexus containing beside thin fibres also some thick vagal ones.
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Nerve Endings of the Myocardium

The question arises how the myocardial nerve fibres conjugate with the striated
muscle fibres. This is of importance, not only in a general respect, but in view of
the comparative nature of this study, an attempt should be made to answer this
guestion in relation to reptiles. It ought to be mentioned in this context that so
far the nerve endings have been demonstrably convincing enough only in the
myocardium of the steppe monitor (Varanus grisens) and pond tortoise (Ernys
orbicularis). Without previous vagotomy, steppe monitor yielded preparations
which definitely show that nerve fibres end on the muscle fibres by end rings.
Such preparations were obtained from the right atrium of the steppe monitor’s
heart by silver impregnation.

Sections prepared from the pond tortoise’s myocardium have generally clearly
shown the termination of a part of nerve fibres in end rings on the muscle fibres.
The same observation was made earlier by Boeke (1930). He believed the rings
to be the end bulbs of vagal fibres. As to the sympathetic fibres he noted that they
conjugate with the muscle fibres in the form of so-called basal plexuses. This
concept proved generally valid for the animals in which extracardial heart nerves
had been left intact. Nevertheless, the nerve pictures were largely dissimilar when
bilateral vagotomy was performed. In such cases the end rings were seen in
enormous masses and particularly clearly in the preparations. A thorough study of
these pictures revealed that some of the end rings are smaller and paler, while the
remainder are larger and sharper. This, as well as the enormous quantity of rings,
implied that after vagotomy the endings of all the myocardial nerve fibres become
visible and they are—as supposed by us from the beginning—actually end rings.
This is further supported by the fact that in the preparations, in addition to the
end rings nerve fibres also appear in enormous masses. Some of these fibres are
thin, others thick. Thick fibres are characterized by elongate varices, frequent
ramification and well-visible neurofibrils inside. Also, occasionally they assume a
spiral-like shape indicating the start of degeneration. Smooth fibres are thin,
roughly parallel in descent and here and there they form loose plexus.

In the extraordinarily rich myocardial plexus end rings are so numerous that
not all of them should be regarded as vagal nerve endings. Asa matter of fact, the
explanation is somewhat difficult as in the tortoise the vagus and sympathicus
descend separately, thus only the vagus was cut and the sympathetic was left
intact. Nevertheless, it must not be disregarded that some sympathetic fibres are
descending within the vagus’ path. However, in lower vertebrates the extra-
cardial heart nerves contain mainly fibres of vagal origin (Fig. 34). Anyhow, the
unexpectedly large mass of nerve end rings seen in these preparations hacks the
supposition that the functional disconnection of vagal preganglional fibres pro-
duce conditions enhancing the argentophilia of myocardial sympathetic fibres.
The masses of end rings seen in many of the preparations to form the continuity
partly of thin and partly of thick fibres indicate that all myocardial nerve fibres
of the tortoise’s heart, viz. the central vagal fibres, sympathetic fibres descending
in the vagal trunk as well as sympathetic fibres descending in the extracardial
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Fig. 34. Emys orbicularis. Heart; nerve fibres and nerve endings in the wall
of the right ventricle, (a) Striated muscle fibre; (b) nucleus of striated muscle
fibre; (c) thick nerve fibre; (d) thin nerve fibre; (e) nerve fibre plexus; (f)
nerve end knobs; (g) nerve end ring. Bielschowsky-Abraham’s method.
Microscopic magnification 1350X,reduced photographically to %

Sympathie trunk all terminate in end rings. Naturally, the same applies also to the
postganglionic fibres arising from the ganglia and supplying the ventricular regions.
It is, however, more difficult to determine the location of the nerve endings.
Anyway, the uniformly sharp picture of end rings and of the nuclei of striated
muscle fibres at a given microscopic setting indicates a hypolemmal position of the
end rings. In our opinion this localization corresponds to the physiological role of
the myocardium and is also supported by Tcheng’s observation (1950) on the
myocardium of mammals.
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Fig. 35. Varanus griseus. Ganglion in the right atrial epicardium, (a) Nerve

bundle; (b) nerve fibre: (c) nerve cell; (d) nucleus of the nerve cell; (e) process

of the nerve cell; (f) pericellular basket; Bielschowsky—Abraham’s method.
Microscopic magnification 300 X >reduced photographically to y2

Ganglia

In the heart of reptiles, ganglia are found only in the atrial walls and the atrial
septum. As a rule, these ganglia are small. Larger ganglia were seen in the heart
of the steppe monitor, whereas smaller ones in that of the regal python and pond
tortoise. Particularly elongate ganglia have been detected in the heart of the
common snake.
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Fig. 36. Python reticulatus. Heart; nerve plexus in the right atrial epicardium,
(a) Connective tissue fibre; (b) nucleus of connective tissue cell; (c) nerve bun-
dle; (d) nerve fibre; (e) nerve cell; (f) nucleus of nerve cell; (g) pericellular
basket; (h)preganglionic fibre.Bielschowsky-Abraham’s method. Microscopic
magnification 600 X, reduced photographically to %

In the steppe monitor (Varanus griseus) heart ganglia are broad and long, rich
both in cells and fibres. The majority of cells are unipolar and carry a pericellular
apparatus (Fig. 35).

Ganglia of the regal python (Python reticulatus) resemble those of steppe monitor
but are much smaller in size. They are usually located in sites passed by larger
nerve trunks whose bundles traverse the ganglia without interruption. Essentially
these ganglia may be considered reserves or amplifiers joining to the nerve trunks
their own fibres. The largest numbers of ganglia are seen in the heart of the pond
tortoise, namely in the epicardium of the right atrial wall. In general these ganglia
are small, loose, consisting of a few large cells. Bundles and single nerve fibres
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Fig.37. Emys orbicularis. Heart; nerve fibre bundle and nerve cell in the right

atrial epicardium, (a) Nerve fibre bundle; (b) Schwann’s nucleus; (c) nerve

fibre; (d) preganglionic fibre; (e) pericellular plexus; (f) nerve end ring.

Bielschowsky-Abrahdm’s method. Microscopic magnification 1800X, reduced
photographically to y2

traversing these ganglia, too, are sharply bordered, undulating and readily im-
pregnated. In certain portions of the wall the ganglia aggregate into groups. In the
common shake, ganglia are large and elongate consisting of spheroid cells with
granular cytoplasm. The ganglia are compact, traversed by only a few fibres and
are mostly without a visible pericellular apparatus.

Ganglion cells resemble those constituting the vegetative ganglia, all the three
cell forms ofthe latter (unipolar, bipolar and multipolar) being presentamong them.
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Fig. 38. Python reticulatus. Heart; nerve plexus in the right atrial epicardium,

(a) Connective tissue; (b) nucleus of connective tissue cell; (c) nerve bundle;

(d) nerve fibre; (e) nerve cell; (f) nucleus of nerve cell; (g) pericellular plexus.

Bielschowsky-Abraham’s method. Microscopic magnification 1350X,
reduced photographically to %

In the ganglia examined the prevalence of unipolar cells was conspicuous. The
processes have in general great affinity to impregnation. Occasionally, processes of
variable length are also seen. Some of the shorter ones do not extend beyond the
ganglionic area and terminate in elongate neurofibrillar end plates, the so-called
dendrit lamellae.

Nerve cells were seen not only within the ganglia but also inside or along the
path of nerves, sometimes in large masses. Such cells are arranged in a row on one
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Fig. 39. Emys orbicularis. Heart; synapses on the ganglion cells of the atrial

septum, (a) Nerve bundle; (b) nerve fibre; (c) neurilemmal nucleus; (d) nerve

cell; (e) nucleus of the nerve cell; (f) pericyte nucleus; (g) pericellular plexus;

(h) synapsis; (i) varix. Bielschowsky-Abrahdam’s method. Microscopic magni-
fication 1350 X >reduced photographically to y2

or either side of the nerve, accompanying it sometimes over quite a large distance
through emitting processes into the nerve bundle. Cells accompanying the nerve
bundles are as a rule unipolar with small granula and markedly eccentric nuclei
(Fig. 36).

In the nerve cells, or around them, various end rings, end plexuses, end baskets
and spirals are very frequently seen. These configurations are considered endings
of the preganglionic fibres and, as such, synapses.

On certain ganglion cells numerous end rings are seen without any obvious
connection with the nerve fibres. End rings of this kind were seen in the ventricular
epicardium of the steppe monitor. Nevertheless, even there some rings have been
obviously in connection with nerve fibres; thus there is no doubt that end rings
actually represent synapses. In the tortoise’s heart nerve cells were also seen to
carry a loose plexus of fibres within whichend rings were apparent here and there.
This revealed that the nerve cell, or the pericellular plexus of fibres, is approached
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Fig.40. Python reticulatus. Heart; pericellular basketin theright atrial epicar-

dium. (a) Striated muscle fibre; (b) nucleus of the striated muscle fibre; (c)

connective tissue; (d) nucleus of connective tissue cell; (e) nerve bundle; (f)

nerve fibre; (g) nerve cell; (h) nucleus of nerve cell; (i) process of nerve cell; (j)

pericellular basket Bielschowsky—Abraham’s method. Microscopic magni-
fication 1350X. reduced photographically to 14

by a branch from the nerve trunk, thus indicating the synaptic character of the
end rings.

The number of nerve cells surrounded by complicated pericellular plexuses,
baskets or spirals is relatively high in the ganglia and mainly along the smaller
and larger nerve trunks supplyingthe hearts of reptiles. Such structures are seen in
the hearts of the regal python and mainly in that of the pond tortoise (Fig. 37).
In the python, large spherical unipolar nerve cells are arranged almost as in a row
in the right atrial epicardium, all of them being surrounded either entirely or
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PLATE I

(a) Python reticulatus. Heart; pericellular plexus in the right atrial epicardium

(b) Talpa europaea. Heart; pericellular plexus in the right atrial epicardium

(c) Sus scrofa domestica. Arcus aortae; receptors in the adventitia

(d) Epimys rattus norvegicus. Kidney; Arteria interlobularis, nerve plexus in the
tunica media

63
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unilaterally by a dense plexus constituted by the end plexus of a thick fibre
exiting from the trunk (Fig. 38).

In general, the end branch system is loose and encloses the entire cell. Not
infrequently, however, pericellular fibres are arranged at the cell’s borders forming
a cable-like coil at the site where the cell attaches to the preganglionic fibre. The
whole picture gives the impression of the cell being placed in a densely woven
basket and surrounded on its free side by a loose plexus. This and similar structures
indicate that this apparatus serves the storage and to a certain degree also the
fortification of impulses conducted through the preganglionic fibres (Fig. 39).
Occasionally, pericellular plexuses appear to be particularly rich and clear not
only around the single cells occurring along the nerve trunks’ path, but also around
those aggregated to form ganglia. Such configurations were seen in preparations
obtained from the pond tortoise’s right atrium after the animal had been kept
alive for several weeks following bilateral vagotomy. In vagotomized tortoises, in
ganglia located in the right atrial epicardium near to the entrance of the large
veins, rich plexuses of nerve fibres were seen to surround the nerve cells (Fig. 40.
Plate Il/a, p. 63). The fibres constituting the plexuses whose association with the

preganglionic fibres was obvious in every case, were partly thin and smooth-edged
and partly markedly varicose. Most ofthe beads forming the varices were roundish
or slightly elongate, arranging either in groups or in rows. In addition, in every
case clearly demarcated bulbs were seen on the surface of ganglial cells entangled
in the plexuses. The end bulbs showed an obvious continuity with the fibre system

constituting the plexus. The pericellular textures, baskets and spirals constituting
the end apparatuses of the preganglionic fibres are considered synapses of large
transmission areas.

BIRDS (AVES)

The heart of birds is a highly developed organ with four cavities. It is situated
along the median line of the body and extends from the second to the fifth rib.
The venous sinus exhibits signs of involution, transforming gradually into the right
atrium. Its shape, attachment to and, in general, its relation with, the right
atrium is dissimilar in certain larger groups of birds. As in most vertebrates, also
in birds the heart receives its nerve supply from the vagus and the cervical sym-
pathetic. Branches of these nerves, visible even macroscopically, are generally
well known. Details of the pathways as well as of the interconnections of the
innervated tissues with nerves, plexuses and nerve fibres in the heart wall are
described below as revealed by various modifications of the Bielschowsky method
in numerous avian species: black-headed gull [Larus ridibundus), common cor-
morant (Phalacrocorax carbo sinensis), goose (Anser domesticus), wild-goose
(Anser fabalis), duck (Anas domestica), poachard (Anas platyrhyncha), wild-duck
(Bucephala clangida), flamingo (Phoenicopterus roseus), peewit (Vanellus vanel-
lus), common coot (Fulica atra), water rail (Rallus aquaticus), white stork
(Ciconia alba), black stork (Ciconia nigra), common heron (Ardea cinerea), night-
heron (Nycticorax nycticorax), turtle-dove (Turtur turtur), common cage-bird
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(Streptopelia decaocto), pigeon (Columba domestica), pheasant-cock (Phasianus
Colchicus), hen (Gallus domesticus), turkey (Meleagris gallopavo), sparrow-hawk
(Accipiter nisus), montagu’s harrier (Circus macrourus), common buzzard (Buteo
buteo), marsh-harrier (Circus aeruginosus), long-eared owl (Asio otus), magpie
(Pica pica), crow (Corvus frugilegus), jackdaw (Colaeus monedula), sparrow (Pas-
ser domesticus), fieldfare (Turdus pilans). The innervation of the different parts of
the heart is discussed in the usual sequence: atria, ventricles and intracardial
ganglia.

Atrium

The right atrium is significantly larger than the left one. The atrial walls are
thin and in general smooth, except for the right atrium where muscle trabeculae
of varying size extend deeply into the lumen. The most massive trabecula goes from
the bottom of the atrium to the muscular valve. Histologically, the structure ofthe
atria corresponds to the general architecture of the heart wall. As a matter of fact
the different species exhibit notable differences in the structure and, namely, in
the thickness of the individual layers.

The epicardium is thin, consisting of loose connective tissue showing sometimes
also the presence of fat cells. Outwards the collagenous layer continues inanetwork-
like portion constituted by elastic fibres. Both layers of connective tissue comprise
a greater or lesser number of connective tissue cells carrying processes. Outwards
the epicardium is bordered by a simple epithelial layer consisting of elongate cells
with spheroid nuclei.

The epicardium is richly innervated (Fig. 41). Generally it is traversed by larger
trunks which conjugate by rami of varying dimensions to form a rich plexus.
From this plexus exit thicker fibres, presumably of vagal origin, covering usually
large distances in the connective tissue without showing any ending suggestive of
a sensory function. The total absence of receptor structures in the epicardium in
highly organized hearts as those of birds is surprising considering the mass occur-
rence and variable functions of such structures in the mammalian heart. In spite
of our thorough and detailed examinations we failed to detect the sites and shapes
of endings of the specially thick fibres exiting from various nerve trunks and rami
to terminate in the epicardial connective tissue. Naturally beside the thick fibres
there are also numerous thin, undulating sympathetic fibres supplying the vessels
of the epicardium. At the outer border of the epicardium the ramifications of the
thick nerve trunks give rise to a denser plexus constituted, however, of thinner
fibres owing to rich ramification.

In the epicardium also, ganglia of various sizes are seen mainly along the vessels.
Larger ganglia occur at the entrance of the great hollow veins. Elongate ganglia
occur in a particularly large number in the atrial plexuses passing along the coron-
ary arteries, but occasionally they are seen also in the paths of nerves. Nevertheless,
the latter are accompanied rather by rows of single nerve cells. The structures as
well as the interconnections of ganglia and nerve cells with the extracardial nerve
fibres will be discussed in context with the ganglia.
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Fig. 41. Vanellus vanellus. Heart; epicardial plexus in the right atrium, (a)

Connective tissue fibre; (b) nucleus of connective tissue cell; (c) nerve bundle;

(d) thick nerve fibre; (e) thin nerve fibre; (f) nerve fibre plexus. Bielschowsky—

Abraham’s method. Microsoopic magnification 600X, reduced photographi-
cally to %

Apart from a collagenous basal tissue, the myocardium consists mainly of
striated muscle fibres. The muscle fibres are branching and their branches form
anastomoses with each other. The muscle fibres have polygonal cross sections.
Theirnuclei are elongate, central and relatively poor in chromatin. Inside the muscle
fibres the transversely striated myofibrils are well visible. The sarcolemma is thin.
Between the myofibrils the delicately granulated sarcoplasm is well visible. In the
atrial region the myocardial pattern is non-homogeneous, the fibres being arranged
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Fig. 42. Vanellus vanellus. Heart; myocardial plexus in the right atrium, (a)
Striated muscle fibre; (b) nucleus of striated muscle fibre; (c) nerve bundle;
(d) nerve trunk; (e) nerve fibre; (f) nerve plexus. Bielschowsky—Abrahdam’s
method. Microscopic magnification 600X, reduced photographically to y2

mainly in the right atrium inarelatively loose system of trabeculae. The trabeculae
constitute a large-meshed gitterfaser (“lattice-fibre™) pattern.

In both atria, the myocardium is remarkably rich in nerve fibres. In the areas
near to the epicardium, there are plexuses constituted by smaller and larger trunks
and rami arising from them anastomose here and there with other similar rami. The
smaller rami gradually divide to form groups of nerve fibres (Fig. 42). These
groups occasionally consist of two to three fibres passing along the muscle fibres
over a relatively large distance. Such single nerve fibres are occasionally apparent
in masses giving the impression that each muscle fibre is supplied by a separate
nerve fibre. We even obtained pictures implying the role of several nerve fibres in
the innervation of a single muscle fibre.
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Fig.43. Anas domestica. Heart; atrial septum, nerve fibre plexus in the myo-
cardium. (a) Striated muscle fibre; (b) nucleus of striated muscle fibre; (o)
precapillary artery; (d) thick nerve fibre; (e) thin nerve fibre; (f) nerve fibre
plexus; (g) nerve end ring. Bielschowsky—Abraham’ method. Microscopic
magnification 300X, reduced photographically to 34

Endings of nerve fibres are only seldom apparent in the ordinary atrial muscles.
Nevertheless, some fine end fibres are seen to terminate hypolemmally in end rings.
In a special area of the myocardium, that is in the muscles of the muscular valve,
end connections are clearly visible. This muscle region is very rich in nerve fibres.
The fibres constitute a dense plexus and fibres exiting from this plexus may be
sometimes followed over quite a distance. In preparations obtained from this
muscle of the domestic duck (Anas domestica), distinctly ring-shaped nerve endings
were seen in very large numbers (Fig. 43).



INNERVATION OF THE HEART 60

The endocardium is essentially a thin connective tissue layer that structurally
resembles the epicardium. It is constituted by thick collagenous fibres and a
minor number of elastic fibres, being bordered towards the atrial lumen by an
endothelium consisting of low polygonal cells. In the connective tissue layer there
are also connective tissue cells with mutually anastomosing processes. The endo-
cardium contains relatively numerous capillaries forming an intricate network.

The nuclei of the epithelial cells are large and spherical. The special elements of
the endocardium are the Purkinje fibres found also in the atrial septa, atrial
endocardium and myocardium to be discussed later.

The Purkinje fibres are roughly spheroid fibres with a cross section of 25-30 p.
Their cytoplasm is granulated and rich in mitochondria. Their nuclei are spherical
and chromatin-poor. As a rule, each cell comprises two adjacent nuclei. The cells
are bordered by a sarcoplasm-layer of crust-like structure. In cross sections, the
myofibrils are arranged in rows. The length of Purkinje fibres varies from 50 to
60 p. Sometimes they run adjacent to each other, sometimes they collide, then
again arrange themselves in rows. In the latter case the striated myofibrils go
from one Purkinje fibre to the other. The Purkinje fibres stain well with any
staining technique but they are best visualized when the frozen sections are
impregnated with the Bielschowsky method. With this method of processing, the
Purkinje fibres differ sharply from the other types of myocardial muscles and
appear particularly clearly in the picture. The Purkinje fibres belong to the stimu-
lus-conducting system of the heart. It ought to be mentioned here that in the
hearts of lower vertebrates there is no trace of Purkinje fibres. Impregnation with
the Bielschowsky method of the hearts of different reptiles failed to reveal myo-
cardial fibres exhibiting an affinity to Bielschowsky-Abraham silver impregnation
similar to that of the Purkinje fibres. This phenomenon is noteworthy because
birds and reptiles both belong to the group of Sauropsida, thus according to their
phylogenetic features they are very closely related genetically. The fact that these
muscle fibres of particular shape and function are making their appearance first
and uniquely in the avian heart remains to be explained, as fibres known in the
mammalian heart as Purkinje fibres are fundamentally different in their form
and localization as well as in their function. This problem is of great phylogenetic
interest and comparative studies of different representative species of the Saurop-
sida would certainly repay examination.

The atrial epicardium is particularly richly innervated. The connective tissue is,
namely in certain regions, traversed by nerve trunks of varying sizes. From these
trunks exit rami which here and there branch off to fibres.These fibres are relative-
ly thick and carry irregular varices of varying sizes. At some sites they become
particularly thin, then again quite thick. According to our observations the delicate
end fibres terminate freely in end bulbs in the connective tissue adjacent to the
endothelial cells of the endocardium. The pathways, structures, endings and
naturally also the positions of these fibres imply a very rich sensory system
responsible for the perception of the internal pressure impulses exerted on the
wall by the blood. It is of interest that the right atrium joined by the large veins
s richer in nerve fibres than the left one.
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Atrial Septum (Septum atriorum)

Th? atrial septum was found to be thick in all bird species examined except for
the sparrow and stork in which it was very thin, almost transparent. Essentially
the atrial septum is a duplication of the endocardium supported by a basal layer
of myocardial tissue of varying thickness. The endocardium is relatively thick,
consisting of loose connective tissue constituted by numerous connective tissue
cells and relatively few fibres. The bulk of the latter consists of undulating col-
lagenous bundles among which elastic fibres are also seen though in a relatively
small number. The endocardium facing the lumen is covered by endothelium. The
endothelial cells are very flat with small spheroid nuclei. In the endocardium
Purkinje fibres are apparent in large numbers, forming here and there bundles or
even coherent sheets. The endocardium is traversed by big nerve trunks that
gradually ramify to give rise to a rich pattern of nerve bundles. The latter gradually
divide into rami that diverge and anastomose to form an extensive plexus whose
bulk is found immediately at the border between the endocardium and myo-
cardium. From this plexus exit d licate fibres which descend singly or in pairs
between the connective tissue cells, then conjugate to form another plexus whose
fibres again branch off several times. These branches become loose and granular
and disappear between the connective tissue cells without exhibiting any special
terminal structure.

The myocardium consists of thin, elongate striated muscle fibres with occasional
branchings. The muscle cells have relatively small, central nuclei. The striation is
very dense but is not sharp. This, however, does not apply to all muscle fibres as
fibres with sharp and occasionally thick striation are also seen. The latter type,
however, occurs relatively rarely in the myocardium of the atrial septum.

The innervation of the septal myocardium is similar to, though somewhat
richer than, that of the atrial myocardium. Large nerve trunks, thickening here
and there are seen mainly at the two septal borders. Nerve fibres constituting the
trunks are undulating, varicose and occasionally show thickening and branching
off. Rami thus arisen run in a winding path over a longdistance, then join singly
or occasionally in groups into the descent of the muscle fibres. The gradually
narrowing end fibres terminate in small spheres arranged in a row along the
sarcolemma of the muscle fibre, then disappear without showing any particular
end structure. No special forms or interconnections have been observed between
the nerves and the fibres conducting the stimuli. In general, nerve fibresaccompany
the stimulus-conducting fibres over a long distance and after close and extensive
conjugation with them they gradually disappear.

Ventricle (Ventriculus)

According to their functions, the walls of the two ventricles differ largely in
thickness. The left ventricle wall is much thicker than that of the right one.
Histologically, however, they exhibit essentially identical structures, the epi-
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cardium, myocardium and endocardium being easily distinguishable in both of
them.

The ventricular epicardium is relatively thick and, being attached to the myo-
cardium by a loose layer throughout, it is readily detachable from it. Its inner part
consists of fat tissue which as usual contains numerous blood vessels. The next
layer consists of collagenous connective tissue bundles some of which are thick and
markedly undulating. On the outside this layer is covered by a thin one, con-
sisting mainly of elastic fibres. As a matter of fact, the elastic layer contains
collagenous fibres, too, and both connective tissue layers contain connective tissue
cells with mutually anastomosing processes. Outside the elastic layeris covered by a
simple epithelium constituted by flat elliptic cells which here and there are pressed
quite flat.

For the examination of the epicardium’s innervation specimens of the epicardial
membrane, removed in toto, proved to be most suitable. In general, the epicardium
is quite thin in any avian species thus being suitable for in toto impregnation and
examination even at high magnifications. As shown by the in toto preparations,the
epicardial plexus (plexus epicardialis) is extraordinarily rich, consisting of three
poorly distinguishable systems. The outer system comprises the thick nerve trunks
which conjugate with the neighbouring similar trunks through multiple mutual
exchange of fibres. Exchange of fibres means that fibres exiting from one trunk
pass unramified into another one wherein they descend further without branching
or changing its diameter. As a matter of fact, the exchange phenomenon occurs
with single fibres as well as with smaller or larger rami. Thus a plexus is formed
wherein all kinds of nerve fibre structures are found (Fig. 44). The second, deeper
plexus lacks large trunks, being constituted mainly by smaller or larger rami of
varying thickness that exit from the larger trunks of the upper plexus. In the third
plexus, found in the innermost layer of the epicardium attaching closely to the
myocardial plexus, mainly rami constituted by a few fibres and many single nerve
fibres are seen. Morphologically the nerve fibres constituting the plexus may be
divided into two large groups. Into one group are classified the thick fibres, while
the thin ones fall into the other. Thick fibres are much fewer in number than thin
fibres. Undoubtedly, the thick fibres, on which here and there also the myeline
sheath is seen, belong to the vagal sensory system. The thick fibres branch off to
form delicate end rami whose path may be readily followed up between the
collagenous fibres over a shorter or longer distance. It is of interest that except for
a very few small end rings or end bulbs, no receptor structures are seen at the
termination of the end fibres. In this context again arise two important questions.
For what reason are the sensory end apparatuses present in large numbers and
performing important functions in the mammalian heart, absent from the highly
organized avian heart ? What is the explanation of the sudden appearance of these
highly differentiated and specialized structures in mammals implying a virtual
absence of phylogenetic continuity ? Another problem is posed from the functional
point of view, too, as a means for transferring stimuli and local functional influ-
ences from the heart to the medullary centres seem to be missing. Plainly put,
it is difficult to see what structures of the individual histological layers serve
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Fig. 44. Vanellus vanellus. Heart; nerve plexus in the ventricular epicardium,

(a) Connective tissue fibre; (b) nucleus of connective tissue cell; (c) nerve

bundle; (d) nerve trunk; (e) nerve fibre; (f) nerve cell; (g) nucleus of nerve cell;

(h) nerve plexus. Bielschowsky-Abrahdam’s method. Microscopic magnifica-
tion 240 X, reduced photographically to y2

for the reception and centripetal transfer of proprioceptive stimuli in the avian
heart. We shall return to these questions later.

The ventricular myocardium consists of striated muscle fibres. The structural
pattern of the muscle fibre groups corresponds to their functions. The structure of
the fibres themselves is similar to that described for the striated fibres of the
atrial myocardium. The former are, however, more compact, their myofibrillar
striation is less clear, their sarcolemma less distinct and their nuclei are smaller.
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As to their innervation, they are generally less amply supplied than the atrial
myocardium. As a rule, the nerve trunks and smaller rami descend along the vessels
although in some myocardial areas trunks and rami of varying thickness may
constitute a true plexus. It must be noted asageneral rule that in the ventricular
myocardium the nerve fibres are thin, smooth and keep closely together. In rami
exiting from the trunks the fibres usually run a linear path parallel with each
other. Not infrequently also single fibres are seen to pass along the muscle fibres,
but in certain areas and special cases they constitute a delicate plexus in the mus-
cular tissue. Single nerve fibres as well as fibres exiting from the end plexuses
occasionally may be followed up over a long distance. In such cases — quite
infrequently, though —the very thin fibres carrying many delicate uniform varices
at regular distances are seen to terminate hypolemmally in end rings inside the
muscle fibres. As already mentioned, these endings are not uniformly conspicuous
in all avian species and in each cardiac region, yet there are certain bird
species and certain heart wall regions where this kind of nerve ending is
encountered with a great frequency over a large area, Thus, with reference to our
observations on both the atrial and ventricular myocardium we feel entitled to
apply also to birds our definitive statement that postganglionic fibres, which are

actually effectors of the heart muscle fibres, terminate hypolemmally in end rings
on the muscle fibres.

The ventricular endocardium is an extraordinarily thin, hardly distinguishable
connective tissue layer bordered against the ventricular lumen by a definitely
flattened simple epithelium. As to its innervation, in general there has been
detected also a plexus which with respect to its localization has been considered
the endocardial plexus (plexus endocardialis). This plexus is quite poor. Its fibres
are thin and d{licate and arborize at the ends. These branches attach closely
partly to the collagenous fibres and partly to the cytoplasm of the epithelial cells.

Ventricular Septum (Septum ventriculorum)

The ventricular septum is a stave-like muscular structure. Its shape and thick-
ness vary with the individual avian species and depend also on the position and
thickness of the atrial walls. Towards the ventricular lumen it is bordered by
endocardium, its middle, thick part consists of muscle fibres. Its nerve supply
lacks any well-defined features. In the endocardium there is a loose plexus
constituted alternately by thin and thick fibres. The thicker fibres ramify
several times and their end branches are attached to connective tissue bundles
and endothelial cells. The endocardium contains Purkinje fibres on both sides.
These fibres traverse the endocardium longitudinally and here and there ra-
mify to form plexus-like structures. Purkinje fibres are seen also in the myo-
cardium of the ventricular septum. This is essentially a typical mechanical muscle
tissue whose branching fibres anastomose with each other. Striation is dense and
less sharp, the nuclei are elongate and chromatin-poor. The myofibrils are not
sharply differentiated towards the sarcoplasm. As to the innervation of the septal
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myocardium, the following was found. In the thin connective tissue septa between
the muscle bundles nerve trunks of varying sizes are running which here and there
branch off to fibres. These fibres descend either singly or in pairs, sometimes be-
tween, sometimes on the surfaces of muscle fibres. The conjugations of nerve fibres
with the muscle fibres are only infrequently seen. In such cases delicate end fibres
are seen to be attached by end rings of variable sizes to the cytoplasm immediately
below the sarcolemma of muscle fibres.

Muscular Valve (Valvula cardiaca dextra)

The valves found in the avian heart are essentially duplications of the endo-
cardium bordered towards the lumen by simple endothelium. Under the endo-
thelium there is a connective tissue layer constituted by collagenous fibre bundles
and many elastic fibres, particularly in the neighbourhood of the endothelium. The
thickness and structure of the connective tissue layer vary with the individual
types of valves.

The muscular valve closing the right atrium towards the right ventricle (valvula
cardiaca dextra), differs markedly from the former both anatomically and neurol-
ogically. The main feature of this valve is that its bulk is constituted by a relative-
ly thick muscular membrane covered towards the lumens by endocardium. As to
its structure, the latter is identical with that of the right atrium, or ventricle,
described above. The muscle layer of the muscular valve is constituted by atrial
muscles on the atrial and by ventricular muscles on the ventricular side. Between
the two muscular layers there is an epicardial connective tissue extending to the
valve’s border interrupting the continuity of the atrial as well as of the ventricular
muscle bundles. Near to the free edge of the valve, bundles of atrial origin form
radially arranged fibres constituting the auricular ring parallel with the valve’s
free border. In certain avian species the atrial and ventricular muscles of the valve
have no connection with each other. For example, in the Australian ostrich the
two muscle layers are separated by a fibrous ring (anulus fibrosus).

The muscular valve is attached dorsally to the ventricular septum (septum
ventriculorum) at the left dorsal ventricular corner. At this site there is possibility
for a conjugation between the atrial and ventricular muscles. This is of particular
importance from the point of view of interconnection, resp. continuity, between
the atrial and ventricular conducting systems. The short ventral papillary muscle
of the muscular valve extends ventrally towards the outer wall of the right ven-
tricle. Some workers have considered this muscle a remnant of the bulbus. In some
genera [e.g. Apteryx (Owen)] a certain part of this valve is membranaceous.

Concerning the nerve interconnections of the muscular valve, this structure of
the avian heart appears to be especially rich in nerve fibres. This rich supply seems
to be explicable partly by the presence of epicardial connective tissue in the middle
of the valve, secondly by its richness in muscles and thirdly by the fact that the
second largest centre of the stimulus conducting system is found in the muscular
valve. The bulk of nerve fibres is found in the epicardial connective tissue in the
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Fig. 45. Phalacrocorax carbo sinensis. Heart; nerve plexus in the ventricular

epicardium, (a) Connective tissue; (b) nucleus of connective tissue cell; (c)nerve

bundle; (d) nerve trunk; (e) nerve plexus. Bielschowsky-Abrahdm’ method.
Microscopic magnification 600 X, reduced photographically to 12

form of enormous trunks and plexuses (Fig- 45). The epicardial connective tissue
is traversed by very large nerve bundles whose thin fibres descend between the
connective tissue cells without showing any perceptible endings of sensory nature.
The myocardium, mainly the atrial one, also contains an extraordinarily large
number of nerve fibres. Here and there it is traversed by thick bundles from which
exit thin fibres of undulating descent, sometimes in masses and sometimes in a
lesser number. The latter, either thick or thin, run a winding path on the surface
of muscle fibres. Occasionally, nerve fibres appear in the myocardium in such
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Fig. 46. Phoenicopterus roseus. Heart; muscular valve; nerve plexus in the
myocardium, (a) Striated muscle fibre; (b) nucleus of striated muscle fibre;
(c) nerve bundle; (d) nerve fibre; (0) nerve plexus. Bielschowsky-Abraham’s
method. Microscopic magnification 600 X, reduced photographically to %

enormous masses that the identification of their origins, conjugations and inter-
connections is practically impossible. The distributed bundles, together with the
masses of nerve fibres, occasionally form very dense plexuses whose presence
implies a substantial role of the nervous system in the function of the muscle
layers of the muscular valve (Fig. 46). Beside the extraordinary richness, large mass
and special patterns of plexuses and branchings, the innervation of the muscular
valve is characterized also by the fact that it is the unique part of the avian heart
where the connections between nerve fibres and muscle fibres are clearly and con-
vincingly apparent.

The endocardial layers of the muscular valve are rich in nerve fibres both on its
atrial and ventricular surfaces. Some of the fibres are thick, some thin, showing
either undulating or straight descent or even a markedly winding path. The bundles
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Fig. 47. Ardea cinerea. Heart; muscular valve; nerve plexus from the border

of the myocardium, (a) Striated muscle fibre; (b) nucleus of striated muscle

fibre; (c) nerve bundle; (d) thick nerve fibre; (e) thin nerve fibre; (f) nerve

plexus; (g) nerve end plexus; (h) connective tissue; (i) nucleus of connective

tissue cell. Bielschowsky—Abraham’s method. Microscopic magnification
320 X, reduced photographically to y2

77
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Fig.48.Anas domestica. Heart: muscular valve; myocardial plexus, (a) Striated
muscle fibre; (b) nucleus of the striated muscle fibre; (c) thick nerve fibre; (d)
thin nerve fibre; (e) nerve end ring. Bielschowsky—Abraham’s method.
Microscopic magnification 600 X, reduced photographically to %

are frequently interconnected by fibres, passing from one bundle to the other. This
form ofinterconnection results in the formation of rich plexus. Within the plexus
system and also independently of it, there are some quite thick, often arborized
fibres. According to their appearance we have considered them to be receptors of

the muscular valve (Fig. 47).

Nerve Endings of the Myocardium

The problem of interconnections between the nervous system and the myo-
cardium has been repeatedly referred to in the foregoingaccount. We have frequent-
ly stated and in most cases have also demonstrated by numerous examples
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that nerve fibres entering into the myocardium terminate in end rings localized
right under the sarcolemma as evidenced by light microscopy. The validity of this
finding has been convincingly confirmed by histological pictures yielded by the
impregnation of tangential sections of frozen sections obtained from the muscle
layer of the muscular valve. In these sections end rings attached to the delicate
nerve end fibres were apparent in large numbers (Fig. 48).

Stimulus-Conducting System

The stimulus-conducting system of the avian heart has been extensively studied
recently. The methods employed for the investigation of this fairly intricate
problem have included all available facilities of up-to-date microtechniques. Yet
we are far from having a satisfactory knowledge of this subject; moreover, the
closer approach to the problem has even increased the conflict between opinions
and interpretations. This is natural considering the special structure, position and
function of this muscular system making appearance first in the avian heart dur-
ing the course of phylogenesis. No similar system has been demonstrable morphol-
ogically in any of the lower vertebrates, not even in groups closely related to
birds. The objective settlement of the problem is rendered still more difficult by
the fact that this system is specific for birds, being absent in the lower forms as
well as in the higher ones. One thing is certain, however, and as such agreed by all
investigators, that is the presence of a special stimulus-conducting system in the
avian heart that resembles both structurally and functionally the similar system
in the mammalian heart. This has been convincingly supported also by examina-
tions performed by us with an adaptation of the Bielschowsky method on the heart
of birds belonging to various families. In the impregnated preparations a highly
particular myocardial system has been apparent, differing substantially from the
myocardium performing mechanical work and being present in various structures
and masses in all parts of the heart, constituting the latter’s bulk. Essentially this
system is identical with the experimentally demonstrated stimulus-conducting
system constituted mainly by uniformly thick brick-shaped muscle fibres com-
prising as a rule two closely situated nuclei and conjugating with the similar
muscle elements in various ways (Fig. 49). In preparations impregnated by the
method adapted by us. the latter type of muscle fibres differed sharply from those
performing mechanical work. The brick-shaped fibres sometimes arranged in a row
to form elongate trabeculae, sometimes again various masses and groupings of
them gathered around a given point or formed special broad-meshed reticula
showing a repetitive structural pattern over large areas. These special cells and cell
systems are occasionally arranged sequentially or side by side along the arteries;
at other times they appear independently of vessels in a trabecular pattern of
unicellular thickness inside the heart wall’s endocardium, or myocardium.

As in the sections processed with the Bielschowsky-Abraham’s method the
stimulus-conducting fibres were seen particularly clearly and their appearance
differed distinctly from that of mechanical muscle fibres, wethought it worth while
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Fig. 49. Circus aeruginosus. Heart; stimulus-conducting fibres in the wall of

the right ventricle, (a) Connective tissue; (b) nucleus of connective tissue

cell; (c) striated muscle fibre; (d) stimulus-conducting fibre; (e) nucleus of

stimulus-conducting fibre; (f) artery; (g) nerve bundle; (h) nerve fibre. Biel-

schowsky-Abrahdm’ method. Microscopic magnification 300X, reduced
photographically to 34

to examine the behaviour of the two types of muscles in the PAS reaction. The
atrial septum (septum atriorum) and ventricular septum (septum ventriculorum)
were treated with the PAS method. As a result, the elements of the mechanical
muscle stained intensively red, whereas the stimulus-conducting system did not
stain at all. This implied a high glycogen content of the mechanical fibres, whereas
there was a total or nearly total absence of glycogen in the stimulus-conducting
fibres.

After the detection of the centres and bundles of the mammalian heart’s
stimulus-conducting system, several workers have attempted to establish phylo-
genetic, morphological and functional correlations between them and the stimulus-
conducting cell groups and bundle systems in the avian heart. Some of these
attempts have been on the right track and the correlation of consistent observa-
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tions has been promising. Yet they have not permitted a closer approach to the
problem simply because they ab ovo aimed at a compromise, although from the
angle of phylogenesis a direct relation of avian with mammalian heart stimulus-
conducting system has been unfeasible. In our opinion, the stimulus-conducting
system of the avian heart is a specific and unique structure appearing for the first
and last instance exclusively in birds and correlating neither genetically nor
functionally with the stimulus-producing and -conducting systems known in the
mammalian heart. This is supported by the structural dissimilarity, the entirely
different behaviour towards silver nitrate and the radically different amount and
grouping of nerve interconnections in the two systems.

Regardless of the various contradictory and non-general statements and relying
partly on relevant literary data and partly on our own observations, the following
may be stated concerning the system of Purkinje fibres in the avian heart.

The Purkinje fibres form larger characteristic groups in two areas of the avian
heart. One of them is the area of the right atrium adjacent to the orifice of the
upper hollow vein, while the other the muscular valve (valvula dextra). In these
areas the amount and the particular arrangement of Purkinje fibres seem to allow
the suggestion that these regions should be considered both morphologically and
functionally as stimulus-producing centres.

In all birds tested, a large system of Purkinje cell network was detected at the
orifice of the upper hollow vein. These fibres are definitely argentophilic and the
network’s structure and localization remind one of the sinoatrial node of mammals.
Remarkable differences have been encountered in the different groups and species
of birds in respect of the form, localization, structure and extent of the fibre
network as well as in the length and thickness of the single fibres, the volume, shape
and localization of nuclei. Nevertheless, it can be stated that this system is always
present in the same area of the heart covering a relatively large region, being more
or less clearly separated from the mechanical muscles and having no connections
with the ordinary heart muscle fibres. This particular group of fibres should be
regarded as the primary stimulus-producing centre of the avian heart, correspond-
ing to the sinoatrial nodule in respect of its morphological features (Fig. 50).

No longer or thicker bundles of Purkinje fibres originate from the sinoatrial
nodule at the orifice of the upper hollow vein. It may be, however, reasonably
supposed that the smaller and larger Purkinje fibre networks, which are present
mainly along the arteries but also in other areas of the right atrial endocardium and
myocardium, are connected with, or even originate from, the sinoatrial nodule
forming a coherent system with the former. Another relatively extensive system
of Purkinje fibres is encountered in the muscular valve (valvula cardiaca dextra).
In this area, too, the system is localized within the atrial endocardium. As to its
structure, one may state that it generally resembles that observed in the region of
the upper atrial nodule. The only difference is that the former’s structure is more
compact and certain characteristic structures may appear multiply linked with
each other. It should be noted that whilst the structure and localization of the
upper atrial nodule are generally the same in all genera of birds, those of the lower
atrial nodule may vary remarkably with the individual genera.
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Fig. 50. Phalacrocorax carbo sinensis. Heart; stimulus-conducting system in

the wall of the right atrium, (a) Striated muscle fibre; (b) nucleus of the

striated muscle fibre; (c) stimulus-conducting fibre; (d) nucleus of stimulus-

conducting fibre; (e) nerve fibre. Bielschowsky-Abrahdm’ method. Micro-
scopic magnification 240X, reduced photographically to y2

There is no evidence available for the existence of connections between the
upper and lower atrial nodules. In most cases, morphological proof for such a
connection is definitely missing. Nevertheless, the presence of Purkinje cells,
bundles and trunks in the endocardium and myocardium of not only the left
atrium and atrial septum but also of the ventricles mainly along the arteries implies
the interconnection of the lower atrial nodule on one hand with the upper atrial
nodule and, on the other hand—through the muscular valve—with the left
atrium, the ventricular septum and the ventricular walls as well. Further support
for this implication is served by the presence of uninterrupted Purkinje fibre
bundles running in the atrial endocardium of the muscular valve down to the
bottom of the left atrium and to the ventricular septum (septum ventriculorum).
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Our studies on frozen sections did not permit the determination of a coherent or
an ontogenetical separation of the stimulus-conducting system in the avian heart.
The ubiquitous and subsequent occurrence of typical structures in all layers but
the epicardium, however, suggests that the stimulus-conducting system of the
avian heart is a coherent morphological structure making its appearance in all
parts of the heart with the upper and lower atrial nodules as its centres. This
system serves for the co-ordination of the heart’s movements and for the main-
tenance and control of rhythmic contractions.

As to the interconnections of the stimulus conduction and the nervous system,
the following has been observed. The stimulus-conducting system is extremely
poorly supplied with nerves. Nerve trunks of a certain volume and fibre content are
seen only in areas where Purkinje fibres aggregate in groups along the smaller and
larger arteries. In these regions the association of single nerve fibres or bundles
with stimulus-conducting fibres or, occasionally, with Purkinje cells is apparent.
Nevertheless, in spite of the considerable number of preparations examined, we
still have been unable to detect the precise nature of the above connections.

The innervation of the atrial nodule of birds is very poor as compared to that
observable in mammals. The nerve fibres of both atrial nodules seem to originate
from the endocardial plexuses. These fibres are thin, of undulating descent and
pass on to the Purkinje fibres at varying distances from each other. Nevertheless,
no close connection between the Purkinje fibres and the nervous system has been
suggested even by very successfully impregnated preparations.

Our observations on the structure of the stimulus-conducting system and on its
connection with the nervous system present objective evidence for the high effici-
ency of stimulus conduction and a particular autonomy of function of the avian
heart. The ubiquitous presence of stimulus-conducting structures in all layers of
the heart and their remarkable independence of the nervous system suggest a
particularly high degree of automation. This is shown also by the extreme scarcity
of interoceptive apparatuses implying a limited interoception. Should this be the
case, the influence of the central nervous system on the activity of the avian
heart must be very moderate.

All these phenomena appear to reflect the highly specialized functional and
adaptational requirements imposed upon the avian heart by the special conditions
of avian life.

Localization of Acetylcholinesterase Activity
in the Stimulus-Conducting System

The stimulus-conducting system of the avian heart was examined also in respect
of localization of acetylcholinesterase activity. For this purpose the method of
Coupland-Holmes was applied. The studies were performed on pigeon heart.
No significant differences were found between the localization of cholinesterase
activity in stimulus-conducting fibres and mechanical muscle fibres, both exhibit-
ing a weak homogeneous activity.
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bio. 51. Gallus domesticus. Heart; ganglion in the right atrial epicardium, (a)

Nerve trunk; (b) nerve cell; (c) nucleus of nerve cell; (d) nerve fibres; (e) nu-

cleus ofthe satellite cell. Bielschowsky—Abraham’s method. Microscopic magni-
fication 200 X, reduced photographically to y2

Ganglia

Ganglia are essential elements of the nervous system in the avian heart. Their
localizations, dimensions and structures are variable, their only general feature
being their occurrence in extraordinarily large numbers. Further to this, in birds,

unlike the other vertebrates already discussed, ganglia are present not only in the
atria butalso inthe ventricles though in a much smaller number.Asto their localiza-

tion, ganglia are found in the atria, epicardium, sulcus coronarius cordis, atrial
septum and ventricular myocardium. Larger ganglia occur in the atria near the



NNKUVATLON OF THE HEART 85

orifice of the large hollow veins, in the sulcus coronarius cordis and adjacent to the
coronary artery and its branches. Ganglia in the area of the large venous orifices
are generally large, comprising numerous cells surrounded by a particularly rich
system of extracardial plexuses. Ganglia present in masses in the coronary sulcus
ale mostly elongate and narrowj some of them, however, are broad and larger.
In the ventricles small ganglia are generally seen consisting of a few cells adjacent
to the nerve trunks. It should be noted that in contrast to the ready impregnation
of nerve fibres both in the heart wall and ganglia, impregnation of the nerve cells
is generally poor, being limited mainly to their central areas. Processes of the
nerve cells as a rule resisted impregnation. Successful impregnation ol the processes
as well as the cells was achieved only in certain ganglia in the coronary sulcus ol
very young chickens (Fig. 51). In these preparations, the prevalence of multipolar
cells was demonstrated unlike the lower vertebrates, exhibiting an overwhelming
occurrence of unipolar nerve cells. .Multipolar cells have usually elongate, irregular,
triangular shapes.

MAMMALS (MAMMALIA)

The mammalian heart consists of four cavities and its arterial and venous parts
are completely separated from each other. The venous sinus is fused with the right
atrium and the veins open directly into the right atrium. Of the valves present
in lower vertebrates at the aperture of the venous sinus, one became the valve of
the lower hollow vein (valvula Eustachii), and the other that of the coronary sinus
(valvula Thebesii). The atria are entirely separated from each other, their walls
are smooth and the trabecular structure is seen only in the ventral portion of the
heart where both atria continue in the so-called heart auricle (auricula cordis).
Between the right atrium and right ventricle there is the tricuspid valve (valvula
tricuspidalis), whereas between the left atrium and ventricle is the bicuspid valve
(valvula bicuspidalis). The free margins of the valves are attached by tendons
(chordae tendinae) to the papillary muscles (musculi papillares) of the ventricle
wall.

Historical

As in other vertebrates, the heart of mammals also functions automatically
The influence of the nervous system on this automatism is. however, remark-
able. The existence of such influences was already assumed by Galen. He,
however, had described only a single heart nerve on the left side. Vesalius (1411),
too, recognized only one heart nerve, also on the left side, arising from the vagal
nerve at the exit of the nervus recurrens from the trunk. Essentially this nerve is
identical with Galen’s heart nerve which, in its descent, passes through the peri-
cardium and on the left side behind the pulmonary artery runs to the basis cordis
where it subdivides into fine rami.

Closer information on cardiac innervation was provided by Fallopius (1600) who
investigated the heart’s nerve supply on the basis of certain theoretical considera-
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lions. His approach stemmed from the idea that nature would be unjust to provide
the heart with only one nerve whilst supplying rich innervation to other important
visceral organs such as intestines, liver and spleen, etc. Fallopius described all
nerves known at present to reach the heart except for the right upper nerve which,
indeed, remained undiscovered by most of the later anatomists, too. He found
a plexus of fibres (plexus nervosus) on the pulmonary artery to which attached
four nerves on the left side, one sent by the nervus recurrens, one by the nervus
vagus succeeding the exit of the nervus recurrens and two by the nervus sym-
pathicus. These conditions were discovered by Fallopius only on the left side. On
the right side he found only one biradical heart nerve originating from the sym-
pathicus and from the thoracic vagus.

The findings of Fallopius were confirmed by Willis (1664), Vieussens (1716),
Senac (1749), Haller (1762), Neubauer (1786), Walter (1783), Berends (1793) and
others. In 1794 Scarpa published a work entitled “Tabulae neurologicae ad
illustrandam historiam cardiacorum nervorum”, including a precise and detailed
description of cardiac plexuses.

The book by Remak, published in 1844, revealed that beside nerve plexuses
there are also nerve cells in the heart. This was practically the last step of the
series of investigations into cardiac innervation. It was established that nerves
controlling the heart’s movements may be divided into two groups. One of them
consists of nerves arising extracardially such as the cardial branches of the vagal
and sympathetic nerves. The other group is represented by cardiac ganglia located
in the heart’s wall and communicating by processes partly with the rami of the
vagal and sympathetic nerves and partly with the structures constituting the
heart’s wall. Later investigators (Hirschfeld, 1853; Drummond, 1859; Reynier,
1880; Thane, 1896; Mollard, 1908; Hovelacque, 1927; Mitchell. 1953. 1955) have
restricted themselves to the clarification and closer investigation of details.

Accordingly, a closer approach to the innervation of the mammalian heart
should proceed from the examination of branches received from distant nerve
trunks and be continued by the structural study of ganglia found in the heart
wall, namely in its atrial portions. Below we give a short anatomical survey of
these nerve elements and continue by discussing of their microscopic relations.

Anatomy of Heart Nerves

Owing to a certain autonomy in comparison to vagal branches, nerve branches
sent to the heart from the sympathicus have been designated nervi cardiacei. The
less autonomic vagal branches have been termed rami cardiacei.

The Sympathetic Nerve Supply of the Heart (Nervi cardiacei)

The preganglionic fibres of sympathetic fibres innervating the heart constitute
the axons of the nerve cells located in the intermedio-lateral horn of the spinal
cord’s grey matter, more precisely in the 1st to 4th, or the 2nd to 5th thoracic
spinal segments. These axons, covered by very thin myelin sheaths and included
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into the white connecting rami descend through the ventral roots of the corre-
sponding spinal segments to the first five paravertebral ganglia. Nerve cells pres-
ent in the lateral horn of the grey matter are essentially neurons located in the
passage of the sympathetic system and conducting impulses from the higher cere-
brospinal centres to the more distant elements of the system. As a matter of fact,
these cells are influenced also by the sensory fibres ascending through the interver-
tebral ganglia into the corresponding segments of the spinal cord’s grey matter.

Part of the preganglionic fibres ends in the paravertebral ganglia, while others
traverse them and pass further within the sympathetic trunk synapsing with some
of the nerve cells constituting the ceivical ganglia. The axons of these synaptic
nerve cells are the efferent or postganglionic fibres running to the structures
constituting the heart wall, namely the myocardium.

Three pairs of sympathetic heart nerves arise from the jugular sympathetic
ganglia, or the sympathetic trunk, whereas the fourth comes from four or five
upper thoracic ganglia. The finding that thoracic sympathetic fibres also partici-
pate in cardiac innervation was temporarily attributed to Braeucker (1927), resp.
lonescu and Enachescu (1928); Mitchell (1949), however, traced this discovery
back to Weber (1815), who described the above conditions on the basis of his
studies on calves. In man, the observation of Weber was confirmed by Swan (1830).

The uppermost of the four sympathetic heart nerves is the superior cardiac
nerve (nervus cardiacus superius), arising by one or two roots from the lower
medial part of the superior cervical ganglion and receiving additional fibres from
the sympathetic trunk immediately below that ganglion. It descends dorsally
behind the lower thyroid artery, then it follows on the left the innominate artery
and on the right the common carotid artery to reach the heart. It anastomoses
with the upper cardiac branches of the vagus as well as with the two laryngeal
nerves.

The second sympathetic heart nerve (nervus cardiacus medius seu magnus)
arises from the middle cervical ganglion (ganglion cervicale medium) or, in its
absence, from the corresponding region of the sympathetic trunk. From its origin
it descends obliquely downwards and inwards, anastomosing frequently with the
recurrent vagal nerve (nervus recurrens vagi).

The lower sympathetic heart nerve (nervus cardiacus inferior seu parvus) arises
from the lower cervical (ganglion cervicale inferius) and from the first thoracic
ganglion (ganglion stellatum). It anastomoses with the recurrent nerve and unites
with the middle cardiac nerve to form the nervus cardiacus crassus.

The fourth branch consists of four or five fine sympathetic rami arising both left
and right from the two to four (infrequently also five and six) thoracic sympathetic
gangliaor fromthe interganglionic portions of the thoracic sympathetic trunk. Some
of these rami enter directly the cardiac plexus, others join transitorily the filaments
running to the trachea, oesophagus, aorta or pulmonary artery. Later on they
separate and go to the heart. According to Saccomanno (1943), the heart nerves
exiting from the thoracic sympathetic arise, from the first six or seven para-

vertebral ganglia and supply the cardiac plexus with many more fibres than the
cervical sympathetic heart nerves.
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The Vagal Nerve Supply of the Heart (Rami cardiacei)

The parasympathetic preganglionic nerve fibres of the heart run within the
vagal nerve and in the cranial part of the nervus accessorius. The latter soon joins
the vagus. The preganglionic fibres maintaining their myeline sheaths also within
the vagal cardiac rami, synapse with the ganglia of the cardiac plexus and of the
heart wall. We owe the description of vagal branches to Walter (1783, 1819),
Andersch (1793), Scarpa (1794), Swan (1830), Valentin (1843), Bourgery (1844),
Hirschfeld (1853), Sappey (1872), Schwalbe (1881), Reynier (1880), Cyon (1905),
Sohotta and McMurrich (1907), Mollard (1908), Midler (1924), Braeucker (1927),
Hovelacque (1927), Tinel (1937) and Tardieu and Tardieu (1948). The vagal
branches form an upper and a lower group.

Trunks constituting the upper group (rami cardiacei superiores) arise in the
jugular part of the vagus between the nervus laryngeus superior and inferior and
communicate immediately with the corresponding sympathetic cardiac rami, name-
ly with those coming from the middle cervical or paravertebral thoracic ganglia.

The trunks constituting the lower group (rami cardiacei inferiores) arise in the
inflexion of the nervus recurrens, in the vagus itself and in the nervus recurrens.

Out of the vagal rami the nervus depressor descends separately. It has usually
two roots, one from the vagus and one from the nervus laryngeus superior. That
nerve, presently called aortic nerve (nervus aorticus) descends inside the vago-
sympathetic sheath in all mammals but the rabbit. In the latter animal this nerve
descends to the aortic arch on both sides outside the vago-sympathetic sheath. The
left one arrives at the anterior and the right one at the posterior surface of the
arch.

Cardiac Plexus (Plexus cardiacus)

Shortly after leaving their sites of origin, the sympathetic and vagal heart rami
approach each other until by mutual exchange of their trunks, rami and fibres
they form a common plexus, the cardiac plexus (plexus cardiacus). The cardiac
plexus has two parts. The superficial finer plexus (plexus cardiacus superficialis
seu anterior) is located onthe concave side of the aortic arch (arcus aortae), extend-
ing to the pulmonary artery’s division. The deeper and richer plexus (plexus
cardiacus profundus) is found in the area enclosed by the aorta and the tracheal
bifurcation.

The superficial plexus (plexus cardiacus superficialis seu anterior) is constituted
mainly by the upper branches of the left vagus and the fibre trunks of the left
superior cardiac nerve. These are joined by some fibres from right and left lower
heart nerves as well as by branches of the right heart nerves passing along the
innominate artery.

Plexus cardiacus profundus sen posterior is richer than plexus cardiacus super-
ficialis seu anterior. All heart nerves and branches contribute to its formation,
except for the left upper heart branch and the vagalrami discussed in connection
with the superficial plexus.
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Both cardiac plexuses emit thick peripheral branches descending mainly along
the coronary arteries. These rami constitute the two coronary plexuses (plexus
coronarii), i.e. the left and the right one (plexus coronarius dexter and plexus
coronarius sinister).

The right coronary plexus (plexus coronarius dexter) receives fibres from both
plexuses. These fibres surround the aorta and are grouped at the origin of the
right coronary artery (arteria coronaria dextra). They pass along the right coronary
artery and provide for the motor and sensory innervation of the right ventricle
and left atrium.

The left coronary plexus (plexus coronarius sinister) receives most of its nerve
fibres from the deep cardiac plexus (plexus cardiacus profundus), but some of its
rami are sent from the upper cardiac plexus (plexus cardiacus superior). Its
branching off starts behind the pulmonary artery and the rami descend towards
the origin of the left coronary artery (arteria coronaria sinistra). Part of the
branches follow a descending path (rami descendentes) along the anterior heart
surface down to the apex, part of them to the margo obtusus cordis. Only a minor
part of the fibres reaches the heart’s dorsal surface. The latter receives its nerve
supply mainly from the right coronary plexus.

The rami of the right and left coronary plexuses form separately located but
interconnected plexuses in the epicardium, myocardium and endocardium and are
termed after the layer in which they are located. In this sense we distinguish
between epicardial, myocardial and endocardial plexuses (plexus epicardialis,
plexus myocardialis and plexus endocardialis). These plexuses, apart from the
outer part of the epicardial plexus visible also macroscopically, are apparent only
in properly impregnated preparations. They are constituted by fibre plexuses,
bundles and fibres whose structure, descent and interconnections can be studied
only microscopically.

Histology of the Cardiac Nerves

Histological examinations were performed on the hearts of the following
mammalian species, including man: mole (Talpa europaea), common bat (Myotis
myotis), domestic cat (Felis domestica), fox (Vulpes vulpes), dog (Canis familia-
ris), rabbit (Lepus cuniculus), rat (Epymis rattus), guinea-pig (Cavia cobaya),
swine (Sus scrofa domestica), sheep (Ovis aries), cow (Bos taurus), horse (Equus
caballus) and man (Homo sapiens). Examinations were carried out by different
staining and impregnation methods. For this particular purpose the method of
Bielschowsky proved to be best in the modifications suggested by Gros, Abraham,
Jabonero and Cauna. Nerve transfixions were performed in cats, foxes and rabbits
partly to clarify the relationship of extracardiac nerve fibres with the tissues of
the heart wall and the intracardiac ganglia, partly because our previous studies
revealed a marked increase of argentophilia of nerve fibres after transfixion of the
nerve. Most of our examinations were made on frozen sections of 30-40 y thickness,
impregnated in most cases also with gold.
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Below we describe first the forms of interconnections between the mural plexuses
and the individual histological layers of the different heart portions and secondly
the innervation of the valves and pericardium.

Atrium

In the relatively thin atrial wall, as in the lower vertebrates three layers are
distinguished. Outside there is the epicardium, subsequently the myocardium
and the innermost layer is the endocardium. The epicardium and endocardium
are relatively thin, myocardium constituting the bulk of the atrial wall.

Essentially the epicardium is a connective tissue layer of varying thickness,
constituted by collagenous bundles. It is attached to the myocardium by a loose,
fibrous connective tissue. In that loose tissue here and there great masses of fat
cells are accumulated, thus the epicardium is relatively easily peeled off from the
heart’s wall. In the collagenous tissue also large numbers of connective tissue cells
are apparent, containing elongate central nuclei. These cells usually extend to
numerous, granulated processes. The processes, namely their granulations, are
markedly argentophilic, thus particularly in darker, silver-impregnated prepara-
tions they appear with a marked sharpness. The processes of the cells mutually
anastomose, constituting a coherent network. Outwards, the connective tissue
layer continues in a thinner layer rich in elastic fibres. In the latter, fibres are
undulating and display a certain affinity to silver nitrate. This phenomenon is
particularly conspicuous in in toto impregnated epicardium preparations. Outwards
the elastic layer is covered by a simple epithelium consisting of polyhedral, flat or
sometimes elongate cells. Their cytoplasms are homogeneous, their nuclei are
centrally situated and chromatin-poor.

The atrial epicardium is extraordinarily rich in nerve fibres. Nerve trunks exiting
from the coronary plexus and descending along the coronary arteries into the atria
reach the wall at this area to form the epicardial plexus (plexus epicardialis).
Most nerve trunks found in this plexus are thick consisting of some myelinated
vagal sensory fibres, the rest being central vagal or sympathetic fibres, thin smooth-
edged, undulating. Rami exiting from the thick trunks form plexuses which are
joined also by rami coming from the adjacent trunks (Fig. 52).

As in all higher vertebrates, here also the mutual exchange of fibres has been
frequent, viz. a greater or lesser number of fibres are often seen to exit from one
nerve trunk, enter another one and continue their passage in the latter. Fibres
exiting from a nerve trunk in pairs orsingly constitute a fine plexus, namely in the
inner part of the epicardium. In some animals (cat) there are numerous thick
fibres in these epicardial plexuses. As a rule, thick fibres descend singly, run an
undulating path and at their ends they subdivide into delicate rami constituting
larger nerve endings. Such nerve endings are innumerable, particularly in the feline
epicardium. The rich telodendrion plexuses constituting the latter contain groups
of small roundish sensory cells and here and there connect with each other by
ultraterminal fibres Such nerve endings were found also in other animal species,
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Fig. 52. Felis domestica. Heart; nerve fibre plexus in the right atrial epiear-
dium. (a) Fat cell; (b) nucleus of fat cell; (c) connective tissue; (d) artery; (e)
striated muscle fibre; (f) ganglion; (g) ganglion cell; (h) nucleus of ganglion
cell; (i) nerve fibre bundle; (j) nerve fibre plexus. Bielschowsky-Abraham’s
method. Microscopic magnification 600X, reduced photographically to %

exhibiting, however, certain differences in form, structure and grouping. This
problem will be discussed later. In the atrial epicardial plexus numerous sym-
pathetic ganglia are seen, mainly at the entrance of the large hollow veins (Fig. 53).

The atrial myocardium consists of ramified striated muscle fibres. The muscle
cells have large nuclei of roundish, occasionally brick-like shape. In impregnated
preparations the myofibrils are quite conspicuous. Striation is dense but not too
marked. The sarcoplasm is granulated, the sarcolemma thin and attaches closely
to the muscle fibre layer. The connective tissue constituting the myocardium’s
basal tissue appears here and there in larger masses and the collagenous bundles
are well visible particularly in intensively impregnated preparations.
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Fig. 53. Canis vulpes. Ganglion in the right atrial epicardium, (a) Connective
tissue; (b) nerve trunk; (c) nerve bundle; (d) nerve cell; (e) nucleus of nerve
cell; (f) process of nerve cell; (g) nerve fibre plexus. Bielschowsky—Abraham’s
method. Microscopic magnification 600X, reduced photographically to %

In the atrial myocardium, nerve trunks arriving from the epicardial plexus
constitute plexuses which are in some places rich and in others poor (Fig. 54).
In general, they are readily impregnated and also the forms of connections between
the single nerve and muscle fibres are well visible although the end bulbs were
seldom seen even in cases where nerve sections were performed. It was, however,
definitely demonstrable that between the bundles of muscle fibres there were
descending bundles of nerve fibres constituted by smooth fibres of varying thick-
ness which sent single nerve fibres to the muscle fibres. The former then followed
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Fig.54. Canis vulpes. Heart; myocardial plexus in the right atrium, (a) Striated

muscle fibre; (b) nucleus of striated muscle fibre; (c) nerve bundle; (d) nerve

fibre. Bielschowsky—Abrahdm’s method. Microscopic magnification 240 X,
reduced photographically to y2

the muscle fibres’ course running either along them or attaching to their surfaces.
The delicate thin nerve fibres end inside the muscle fibres, probably in a hypo-
lemmal manner by end bulbs similar to the endings seen in the myocardia of the
other animals discussed in the foregoing (Fig. 55).

The endocardium is thin, consisting in most cases of fine collagenous connective
tissue bundles containing also a variable number of elastic fibres. Its thickness is
variable and in some species, e. g. in man, it contains also large masses of
smooth muscle cells. With the common staining techniques, large nuclei become
apparent within the cells constituting the connective tissue layer. In slightly over-
impregnated endocardium in which the nerve fibres were, naturally, invisible,
connective tissue cells appeared with a particular clearness. Their processes were
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Fig. 53. Sus scrofa domestica. Heart; nerve plexus in the right atrial myocar-

dium. (a) Striated muscle fibre; (b) nucleus of the striated muscle fibre; (c)

connective tissue fibre; (d) nucleus of the connective tissue cell; (e) nerve

bundle; (f) nerve fibre. Bielschowsky-Abraham’s method. Microscopic mag-
nification 600 X, reduced photographically to %

seen to anastomose to form a particularly dense network of cell processes. It should
be noted that in the course of our neurohistological work, impregnated connective
tissue cells were nowhere seen with such clarity as were those apparent in the atrial
endocardium.

Inside the endocardium is lined by epithelium consisting of flat or polygonal
cells. These cells are characterized by unproportionally large nuclei of regular
spherical shape. This typical nuclear shape is an important aid in the examination
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Fig.50. Epimys rattus norvegicus. Heart; nerve plexus in the right atrial endo-

cardium. (a) Striated muscle fibre; (b) nucleus of striated muscle fibre; (c) nu-

cleus of connective tissue cell; (d) nerve fibre; (e) nerve plexus. Bielschowsky-

Abraham’s method. Microscopic magnification 1350X, reduced photo-
graphically to %

of frozen sections when the association of the connective tissue with epicardium or

endocardium has to be decided.
The innervation of the atrial endocardium is rich and markedly differentiated.

On its myocardial border larger and smaller rami constitute a large-mesh network.
The fibres of the network are relatively thick (Fig. 56). In some species (rat) a
sequence of varix-like protrusions is seen. From the plexus exit single fibres,
traversing each other in all directions to form the second, inner nerve structure of
the endocardium. They constitute a third, very delicate plexus located directly on
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Fig. 57. Felis domestica. Heart; receptors in the right atrial endocardium, 72
hr after section of the right vagus, (a) Connective tissue; (b) nucleus of the
connective tissue cell; (c) striated muscle fibre; (d) nucleus of striated muscle
fibre; (e) nerve fibre; (f) neurofibrillar end plate. Jabonero’s method. Micro-
scopic magnification 400 X. reduced photographically to %

the endothelial cells. This suggests that the fibres of the network may connect
with the cytoplasm of the endothelial cells as well. The thin end fibres of the third
plexus terminate freely in end bulbs between the endothelial cells. In other cases,
the thick fibres traversing the endocardium exhibit arborization. The rami thus
arisen branch again and the extraordinarily rich but easily visible nerve end
trees are attached by smaller or larger end plates to the endocardial elements

(Fig. 57).
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Fijg. 58. Epimys rattus norvegicus. Nervo fibre plexus in the atrial septum, (a)

Striated muscle fibre; (b) nucleus of striated muscle fibre; (c) nerve trunk;

(d) nerve bundle; (e) nerve fibre; (f) nerve fibre plexus. Bielschowsky—Abra-

hdm’s method. Microscopic magnification 160X, reduced photographically
to 2

Atrial Septum (Septum atriorum)

Essentially the atrial septum is a doubling of the endocardium, with a central,
relatively thick myocardial layer.The endocardium is a whitish, slightly translucent
connective tissue membrane of varying thickness, bordered against the lumen by
endothelium. The inner part of the connective tissue membrane consists of
relatively thick collagenous fibres of undulating path. In strongly impregnated
preparations also fibres of spiral spring-like shape may be seen. The inner part of
the connective tissue membrane contains numerous elastic fibres. They are mark-
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Fig. 59. Epimys rattus norvegicus. Nerve plexus in the atrial septum, (a)
Striated muscle fibre; (b) nucleus of striated muscle fibre; (c) nerve trunk; (d)
nerve bundle; (e) nerve fibre; (f) nerve fibre plexus. Bielschowsky-Abraham’s
method. Microscopic magnification 300X, reduced photographically to %

edly undulating and run through and through each other’s path to form a network-
like system in whose empty meshes markedly branched connective tissue cells are
seen. Their processes anastomose and together with the elastic fibres constitute
a rich network. The endothelial cells are elongate and their middle parts pro-
trude slightly into the lumen. Their nuclei are round and centrally situated,
differing markedly from those of the connective tissue cells both in shape and
appearance.

Nerve fibres form a plexus in the endocardium. Essentially this plexus consists
of two parts. One extends towards the myocardium and consists of rami containing
a smaller or larger number of fibres. The other, attaching directly to the endothelial
cells, is constituted by thin fibres which show rich ramifications in higher mam-
mals the individual rami ending in triangular neurofibrillar end plates of
varying dimensions.
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Like the other muscular parts of the heart wall, the myocardium consists of
ramified, anastomosing striated muscle fibres with clearly visible Eberth’s lines.
Some time ago the latter were regarded as myofibrillar aggregations but, at present,
they are considered cell borders on the basis of electron microscopic examinations.
The myocardium is extraordinarily rich in nerves. This is obvious also in sections,
but particularly true pictures are presented by in toto preparations obtained from
the atrial septum of small mammals. These show that inside the muscular layer
very thick nerve trunks are passing centrally, and send systems of branches
towards both endocardial layers (Fig. 58). These branches, too, form a very rich
network constituted mainly by smooth-edged sympathetic fibres and a lesser
number of thick vagal fibres. From the second plexus, formed by the systems
of branches, exit masses of single fibres to form delicate plexuses on both
sides of the border between myocardium and endocardium. The connections
of muscle fibres and nerve fibres are very close here also, yet the end struc-
tures are but infrequently apparent. The shape and position of the connections
are discussed in a later chapter (Fig. 59).

Ventricle (Ventriculus)

The walls of the two ventricles are relatively thick, that on the left one being
thicker for functional reasons. In cross sections of the wall the individual histolog-
ical layers are clearly recognizable. The epicardium and endocardium both have a
loose structure and whitish colour, whereas the myocardium’s structure is more
compact and shows a reddish hue owing to the large amount of blood present
therein.

The epicardium is a relatively thick connective tissue layer. It is peeled off very
easily from the ventricles’ walls, particularly from the left one. In the overwhelm-
ing majority of the cases it is bordered against the myocardium by a well-developed
connective tissue consisting of loose fibres and outwards by a simple epithelium.
Its middle part consists essentially of a structurally more compact connective
tissue layer whose thickness varies with the species, but in every case consists of
collagenous bundles among which also some elastic fibres and connective tissue
cells are present. The inner loose connective tissue layer is constituted by bundles
of collagenous fibres and a smaller number of elastic fibres. Among the bundles
many fat cells are present here and there; this is the reason why the epicardium
peels off so easily from the myocardium. Between connective tissue layer and
epithelium there is a connective tissue matrix consisting mostly of elastic fibres
which arrange in a network-like fashion beneath the epithelium. The epithelial
cells are elongate, have roundish nuclei and attach closely to the epicardium’
outer fibrous layer. In general, the individual layers are attached to each other
firmly and keep together also during prolonged treatment.

Examinations of the atrial epicardium’s nerve elements are most readily per-
formed in in toto preparations. In these, nerve trunks, thinner and thicker rami and
sometimes even single fibres appear quite sharply. In general, however, only the
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Fig. 60. Ovis aries. Heart; nerve plexus in the right atrial epicardium, (a)
Connective tissue; (b) nucleus of the connective tissue cell; (c) thick nerve fibre;
(d) thin nerve fibre; (e) varix; (f) nerve ending. Bielschowsky—Abrahém’s
method. Microscopic magnification 400X, reduced photographically to %

gross plexuses are well seen, as the more delicate fibres and end connections escape
impregnation. Therefore precise information on the arrangements and connections
of epicardial nerve elements can be obtained only by examining them in in ioto
preparations as well as in frozen sections. On the basis of thorough studies of
this type, we derived the following general conclusions applying to all kinds of
mammals.

Essentially the true epicardial plexus consists of three systems of plexuses:
outer, middle and inner systems. The outer system is formed by thick trunks which
anastomose by their smaller rami. The middle system is constituted by ramifica-
tions of varying thickness, whose bundles and single fibres enclose several smaller
or larger areas. The inner network is formed mainly by rami and single fibres



INNERVATION OF THE HEART

Fig. 61. Felis domestica. Heart; receptor system in the right ventricular epi-

cardium, 168 hr after bilateral vagotomy, (a) Connective tissue; (b) nucleus of

epithelial cell; (c) nerve bundle; (d) thick nerve fibre; (¢) myelin sheath; (f)

nerve end organ; (g) end ring. Jabonero’s method. Microscopic magnification
200 X ,reduced photographically to %
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Fig. 62. Fiber zibethicus. Heart; nerve plexus in the ventricular myocardium,

(a) Striated muscle fibre; (b) nucleus of striated muscle cell; (c) capillary ves-

sel; (d) nerve bundle; (e) nerve fibre. Bielschowsky-Abraham’s method.
Microscopic magnification 600 X, reduced photographically to y2

which, during their passage to the myocardium, gradually subdivide to form a
denser plexus (Fig. 60). In all the three plexuses, markedly thick fibres are
present in quite large numbers. Particularly thick fibres are seen in the cat’s
epicardium. They are sensory fibres, all terminating in sensory end apparatuses of
particular shapes which in certain cases occur in masses in the epicardium, namely
in its outer part immediately adjacent to the epithelium (Fig. 61).

The ventricular myocardium consists of ramified striated muscle fibres arranged
in bundles. The myocardial basal tissue consisting of collagenous fibres and a lesser
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Fig. 63. Canis familiaris. Endocardial plexus in the right ventricle, (a) Connec-

tive tissue; (b) nucleus of the connective tissue cell; (c) striated muscle fibre;

(d) nucleus of striated muscle fibre; (e) nerve plexus; (f) thick fibre; (g)

thin fibre; (h) varix. Bielschowsky-Abraham’s method. Microscopic mag-
nification 400 X, reduced photographically to %

number of elastic fibres, is well visible between the muscle bundles along the
vessels and to a lesser extent also along some of the muscle fibres. In slides
stained by simple methods, the basal tissue is as a rule not apparent, except along
the vessels where it may be quite well visible. If, however, frozen sections are
slightly over-impregnated or if excess ammonia is mixed in the silver nitrate,
the elements of the basal connective tissue appear quite sharply and show a
very rich system of fibres which may be easily mistaken for a nerve plexus by
the untrained observer. Fibres constituting the connective basal tissue are mark-
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edly undulating, spiral or spring-like and traverse the myocardium amply in
all directions.

Nerve fibres going from the epicardium to the myocardium in the form of smaller
trunks and rami, constitute the myocardial plexus which is divided into several
layers on the basis of its structure. These layers differ from each other in the forma-
tion, position and the rich or loose character of their plexuses. In our opinion,
differentiation on that basis is unfeasible. It should be noted, however, that
adjacent to the epicardial and endocardial plexuses, the myocardial plexus appears
to be more rich than in the middle part of the myocardium (Fig. 62).

The ventricular endocardium is a thin, whitish membrane thickening markedly
at the exit ofthe large arterial trunks and continuing in their intima. It isattached
closely to the myocardium. It is composed of a relatively thin connective tissue
membrane bordered against the lumen by endothelium. The connective tissue layer
consists mainly of collagenous bundles and also numerous elastic fibres are present,
mostly adjacent to the epithelium. There are also some smooth muscle cells,
arranged occasionally in bundles. The endothelial cells are flat, with roundish
nuclei and homogeneous cytoplasm.

The nerve fibres go from the myocardium to the endocardium in the form of
smaller or larger rami to constitute the loose endocardial plexus. The rami forming
this plexus contain relatively few nerve fibres. Most of these fibres are of vagal
origin, thick and undulating in descent. The minority of the fibres are thin smooth
sympathetic ones, mainly supplying the vessels (Fig. 63). The thick fibres become
gradually thinner and go directly beneath the endothelium where they form par-
ticular sensory endings which are but infrequently seen. In other areas they become
markedly thin and form a dense plexus, some end fibres of which attach to the
endothelial cells’ cytoplasm by end bulbs.

Ventricular Septum (Septum ventriculorum)

Shape, dimension and thickness of the ventricular septum vary widely
with the individual mammalian species. Essentially it is a slightly bent, relatively
thick muscle layer, covered on both sides by endocardium. Its surface is generally
smooth, but in certain cases it is uneven and also protrusions occur on its surface.
The layers constituting the ventricular septum are described below.

The endocardium is a whitish, relatively thin and transparent membrane consist-
ing of a connective tissue layer bordered against the lumen by endothelium. The
connective tissue layer is of compact structure and attaches closely to the myo-
cardium. It is constituted by collagenous connective tissue bundles in whose
discontinuities there are smaller or larger undulating elastic fibres and starlet-
shaped branched connective (issue cells. Elastic fibres and connective tissue cells
are both markedly argentophilic. The endothelium is very thin, consists of flat cells
in whose thickened and protruding central part chromatin-poor nuclei are
apparent. The endocardium is poor in nerve fibres, containing here and there some
richer networks constituted predominantly by thick fibres. Some fibres of the
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plexuses form loose coils, others ar-
borize and their delicate end fibres
attach by triangular end plates to
the connective tissue elements. Some
delicate end fibres terminate in end
bulbs immediately beneath the en-
dothelium (Fig. 64). In the endocar-
dium of the ventricular septum in
the cat, there are numerous elongate
ganglia belonging to the sympathetic
system, according to their structure
and sensory endings exhibiting sever-
al typical forms. In the case of bila-
teral vagus section, the latter d°ge-
nerate, thus they obviously belong
to the vagal sensory system.

The myocardial layer of the ven-
tricular septum hardly differs from
the normal myocardial muscles. Its
innervation roughly corresponds to
that of the ventricular myocardium
with the difference that at the site
of its junction with the endocardium
or sometimes even more distantly,
numerous nerve trunks, rami and
fibre plexuses are present supplying
the Purkinje bundles that enter into
the system of mechanical muscles.
There are rich fibre plexuses along
the wvessels. Some of these fibres
follow the capillaries almost along
their whole length. In the myocar-
dium, sensory fibres are present also
adjacent to the endocardium. They
traverse the muscle fibres inawinding
path, forming here and there loops
and loose coil-like end structures.

Fio. 64. FelisdomeHica. Sensory nerve termin-
al system in the endocardium of the ven-
tricular septum, (a) Nucleus ofthe connective
tissue cell; (b) nerve fibre; (c) neurofibrillar
intermediary plate; (d) neurofibrillar end
plate. Bielschowsky—&ros—€auna’s method.
Micro-scopic magnification 1350X, reduced
photographically to y2

STIMULUS-CONDUCTING SYSTEM
Historical
The investigation of the stimulus-conducting system has a long history. The first
examinations were made in 1845 by Purkinje, who described specially large
polyangular cells in the heart of sheep. These cells were named after him, Purkinje
cells. Nevertheless, Purkinja’s discovery was neither properly understood nor
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appreciated by his contemporaries. The Purkinje cells were regarded as embryonic
heart muscle cells and were believed to transform gradually to active heart muscle
fibres (Koelliker, Aeby, Ranvier). A further contribution to the exploration of the
stimulus-conducting system was provided by Gaskcll, who in 1883 described a
bundle constituted by stimulus-conducting fibres in the atrioventricular portion of
the tortoise’s heart. Later on the same bundle was found in the heart of mammals
(man, sheep, dog, mouse) by His (1893) and it was his discovery that became
generally known. Nevertheless, this discovery, too, remained unappreciated by the
contemporaries, although some of them made attempts to correlate the His’bundle
with the heart’s automatism. His himself had hinted at the bundle’s possible
relationship with the stimulus-conducting system. Research was conducted further
in spite of the scanty interest. Retzer and Braunig (1904) extended their studies
also to the lower vertebrates and confirmed their findings experimentally, yet
failed to arouse proper interest.

A decisive change of this attitude was brought about by Tawara’s monograph
published in 190« under the title “Das Reizleitungssystem des S&ugetierherzens”.
Tawara described the presence in the heart of mammals of a node of particular
structure, located in the lower part of the right atrium and closely related with
His’ bundle. He also followed up the entire path of His’ bundle and found it to
continue in two branches going to the walls of the right and left ventricle, respec-
tively. At the end of these branches he identified Purkinje fibres as the terminal
parts of the stimulus-conducting system. He presented histological evidence that
the node, named later Aschoff—Fawara’s node, was enclosed by a connective tissue
sheath, consisted of sarcoplasm-rich and myofibril-poor muscle fibres and was
richly supplied with nerves. The nerve elements, described separately prior to
Tawara, were fitted by him into a system claimed to produce and conduct the
impulses required for heart function. Aschoff and Fahr confirmed Tawara’s finding
by discovering pathological alterations ofthe His* bundle in the hearts of patients
with incoordinate cardiac function.

In 1906 the new stimulus to research work resulted in a further discovery.
Wenkebach described a coherent muscle bundle in the region of the sinus and
embryonic atrium and claimed it to be analogous with the atrioventricular system.
In the physiological experiments conducted by him, that area proved to be most
sensitive to stimulation. It should he noted that already Hippocrates observed a
limited post-mortem functioning of the right auricle which he called therefore
“ultimum moriens”. Proceeding from Wenkebach’s findings, Keith and Flack
(1907) described in the hearts of the mouse and rat a node resembling the Aschoff-
Tawara node. At present this node is called the sinoatrial node or, after its dis-
coverers, the node of Keith and Flack.

The classical studies outlined in the foregoing text revealed in the mammalian
heart wall the presence of two anatomically independent systems, viz. the
sinoatrial and atrioventricular system. The extensive morphological and physio-
logical studies conducted in the meantime have verified the independent exist-
ence of the two systems. Nevertheless, most of the details still remain un-
clarified.
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The stimulus-conducting system of the human heart has been thoroughly
explored and described on the basis of the investigations of His (1893), Keith and
Flack (1907), Mackenzie (1910), Engel (1910), Haas (1911), Morison (1912),
Monckeberg (1921, 1924, 1926), Koch (1922), Benninghoff (1923), Géraudel (1928),
Seto (1936), Abraham (1940), Duckworth (1952), etc. The information available
on domestic animals is still far from being satisfactory. Most descriptions are
restricted to certain details and given animal species (sheep, rat, calf, cat). Very
scanty data have been, however, published on certain important domestic animals
(pig, rabbit, horse, goat, dog).

In the course of their examinations on the atrioventricular system of domestic
animals, Tawara (1906), Wilson (1909) and Engel (1910) detected the richness of
nerve supply of the stimulus-conducting fibres and described also vegetative
ganﬂlia_wit_hin the same system. ) )

The rich innervation of the sinoatrial node was first reported by Keith and 4lack
(1907). More extensive studies were performed by Morison (1912), Meiklejohn
(1913) and Woollard (1926), who demonstrated the presence of nerve fibres from
the 18th prenatal day on and attracted attention to the rich nerve supply of the
sinus. In man, Meiklejohn (1914) found numerous ganglia adjacent to the sino-
atrial node. In animals, Oppenheimer (1912) and Eversbusch (1916) described
ganglia and scattered nerve cells in the sinus region.

A detailed microscopic examination of the stimulus-conducting system was first
performed by Monckeberg (1921). Based on the studies of Holl, Lange, Petersen
and Schander, Zimmermann (1923) described the anatomy and histology of the
stimulus-conducting systems of the horse, calf, sheep, pig, dog and cat. Spalteholz
(1924) and Géraudel (1928) described the blood supply of the stimulus-conducting
system. End rings were first demonstrated by Boeke (1926) in the stimulus-con-
ducting system of the tortoise. Wolhynski (1928) examined the nerve fibres of the
stimulus-conducting system in calf hearts stained with methylene blue.

Based on examinations of mammalian hearts, Lawrentiew and Gurwitsh-
Lasowskaya (1930) divided the atrioventricular plexus into two parts, viz. a
superficial and a deeper system. They reported ring-like nerve endings in the deeper
system. They examined also the nerve cells constituting the ganglia and found
them to belong to Dogiel’s type I. The same authors described sensory endings in
the connective tissue layer of the atrioventricular system and claimed their
resemblance to the endocardial nerve endings. Plechkova (1936) described several
sensory endings in the stimulus-conducting system of the cat and noted that in the
mammalian heart the sympathetic fibres do not reach the ventricular muscles.

On the basis of the investigations of Seto (1936), Akkeringa (1949) and, recently,
Meyling (1955), some authors adapted the reticular concept also to the heart’s
nerve system, claiming Reiser—Stéhr’s terminal reticulum to be the true end forma-
tion and denying the presence of free endings in the myocardium.

Nonidez (1937) demonstrated the presence of sensory endings inside the muscular
elements of the stimulus-conducting system. Schaefer (1950), examining the action
current of the heart, found that baro- and ehemoreceptors must be present both
in atrial and ventricular muscles. Chabarowa (1953) performed experimental
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morphological studies on sheep heart and concluded that in the common stem of
the atrial and ventricular bundles the major part of the superficially located
plexus consists of parasympathetic fibres. On the basis of the degeneration of
pericellular apparatuses she regarded the ganglia located therein as belonging to
the parasympathetic system and the sensory endings as belonging to the vagus
system.Kuntz (1953) described encapsulated sensory endings in the atrioventricular
bundle of man.

Since Yamanda (1934) and Halpern (1955), Muir (1955) also studied the sino-
atrial node of the rat and found it to ba recognizable from the 15th day of prenatal
life on, in the form of a modified myocardium. He found that the node attained
its largest size on the 1st to 3rd day prior to birth; in embryos and newly born
rats it was essentially a compact syncytium. According to Muir, in postnatal life
connective tissue enters into the sinoatrial node and its muscle elements come to
resemble those of the ordinary myocardium. As to innervation, Muir noted that
very likely there are no specialized endings, neither does the nerve supply differ
from that of the surrounding tissues.

In this institute the structure and the innervation of the stimulus-con-
ducting system have been studied both in human and animal material during the
past years. The results have been described in several papers, thus in this volume
we mainly report our findings on the heart of the pig (Sus scrofa), cow (Bos
taurus) and horse (Equus caballus), and correlate them with the relevant literary
data. For histological examination, specimens were fixed in Heidenhain’s “Susa”,
for neurological studies in 10 per cent neutral or slightly alkaline (pH 7-5-8*0)
formalin. Histological sections were stained with haematein-eosin, Van Gicson,
Mallory and Heidenhain’s iron haematoxylin stains. Glycogen was demonstrated
by the special staining method of Best or with PAS-reaction. Neurohistological
examinations were performed with Bielschowsky-Abraham’s method which, by
slight adaptations, proved to be perfectly suitable for the demonstration of even

the most delicate nerve endings. Also, the methods of Gros, Jabonero and Gros-
Cauna were frequently employed.

Sinoatrial System

In the pig, cow and horse, the sinoatrial node (nodulus sinoauricularis Keith-
Flack) is found at the orifice of the upper hollow vein, more precisely, on its medial
side where it joins the right auricle (auricula dextra) at the topmost point of the
right atrium. After removal of the epicardium, the node is distinguishable also
macroscopieally, differing from the surrounding muscles by its deeper grey hue.
In the pig and horse it has an irregular semilunar shape, while in the cow it
resembles an asymmetric “V”. The node’s middle part is crossed by a small vessel,
visible also macroscopieally. This is the artery supplying the sinoatrial node. It is
a branch of the right coronary artery and its descent over the heart to the sino-
atrial node may easily be followed, particularly in calves. These observations
correlate well with the findings of Koch (1909) in man. He, too, established that the
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artery supplying the sinoatrial node exited from the right coronary artery. Spalte-
holz (1924) noted that in certain animals this branch arose in the left coronary

artery. The veins of the sinoatrial node were studied in detail by Géraudel (1928),
who found that these veins opened into the right auricle through several delicate
orifices. Consistent observations were made by us: in every case, we found two or
three delicate holes between the sinoatrial node and the margin of the right auricle
and regarded them as orifices of veins.

From the sinoatrial node exit rami containing stimulus-conducting fibres, going
to the muscles of the right atrium. Monckeberg (1924) described five such rami in
man. These rami were found by us also in the three species of domestic animals used
for this examination. The largest branch runs, like an elongate tail of the node,
into the terminal sulcus and corresponds to the bundle of Wenkebach, described
also by Schoeneberg. In the terminal crest (crista terminalis) region near the node,
the branch protrudes in a nodular fashion, particularly in the pig. Later it runs
beneath the endocardium and loops around the upper hollow vein. This protrusion
is but infrequently apparent in the hearts of the horse and calf. Along its descent,
several smaller rami go from the bundle to the atrial muscles. In the pig’ heart,
we detected also the bundle of Thorel, described by Monckeberg, but could not
follow it further than the vena cava inferior. Histologically, fibre bundles resem-
bling those exiting from the sinoatrial node were seen also around the Aschoff-
Tawara nodule. These bundles may have been continuities of the branch of Thorel.
Similarly to Zimmermann, we, too, failed to identify this branch in the horse and
calf, at least not in the form known in the pig. The other branches are smaller and
carry stimulus-conducting fibres from the sinoatrial node to the parietal muscles,
in the direction of the auricle, vena cava superior and atrial septum. In the calf,
the stalks of the V-shaped sinoatrial node are connected with each other by very
delicate stimulus-conducting fibre bundles. The sinoatrial nodes of the pig, horse
and calf are structurally similar, differing only in delicacy.

Histology of the Sinoatrial System

The sinoatrial nodes of the pig, horse and calf are uniformly built up by the
syncytia of closely attached stimulus-conducting fibres, crossing each other in all
the three dimensions. The pig’s sinoatrial node is so compact that it gives the
impression of a uniform syncytium. The horse and calf have somewhat loose
sinoatrial nodes wherein the stimulus-conducting fibres may be followed over a
long distance, seem to be more independent, but in most cases the close syncytial
connection between the fibres is apparent as well. The spaces left between the
fibres are filled by connective tissue which here and there expands to form con-
nective tissue islands between the syncytia of stimulus-conducting fibres. The node
is surrounded by a tissue from the epicardium and is traversed here and there by
smooth muscle bundles. In the pig this connective tissue is loose, while in the horse
it is dense. In the latter, unlike the pig, some elastic fibres were also detected but
never in masses. In the sinoatrial system fat cells were only occasionally seen.
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In preparations stained with haematein-eosin or van Gieson’s stain, the
sinoatrial node is well distinguishable from the surrounding heart muscles, the
former staining much more pale. A vivid carmine staining is achieved of the
sinoatrial node and the corresponding stimulus-conducting system in preparations
stained with Best’s carmine. The surrounding tissues are paler as a result of their
lower glycogen content. Preparations treated with PAS are particularly beautiful
in that they show the stimulus-conducting system in a bright red colour caused by
their high glycogen content. In such preparations the nuclei remain unstained,
giving the impression of empty holes. In every case, stained preparations show
clearly the descent ofthe nodal artery (artery of the sinoatrial node) supplying the
sinoatrial system with capillaries. The sinoatrial node has a somewhat better blood
supply than the surrounding heart muscle and contains a correspondingly higher
number of capillary branches.

The diameter and length of stimulus-conducting fibres is hard to estimate
owing to the sinoatrial node’s compact structure. Information is somewhat more
easily available in calves and horses both having looser nodes. In this species,
fibres of smaller or larger diameter may be distinguished by their thickness/length
ratios. The thinner type attains less than half of the diameter of mechanical heart
muscle fibres. This type of fibre occurs frequently in the sinoatrial node of the
horse, fairly often in that of the cow and only occasionally in the pig. The second,
thicker type fibres are 2-fold or even » 1>"fbldin diameter when compared to common
muscle fibres. Essentially, the sinoatrial node is constituted by thick fibres con-
tinuing ina slightly swollen form also in the branches exiting from the node. The
length of the stimulus-conducting fibres is 50-160 /( within the bundle; within the
branches they may be even longer. The nuclei of stimulus-conducting fibres are
swollen and blister-like, polymorphous and larger than those of the mechanical
heart muscle fibres. In the pig they are often double. A pale halo is frequently
observed around the large blister-like nuclei, causing displacement of the myo-
fibrils and making the sarcoplasm visible. In the nuclei there are often one or two
nucleoli, but in the pig sometimes even five of them were seen. Nuclei are not only
larger than those of the mechanical fibres but also their number exceeds that
found in ordinary heart muscle fibres. In the stimulus-conducting fibres noEberth’s
lines are seen; only here and there is the fibres’straight body interrupted by some
slight invagination. Around the invagination the fibres’ margins are wrinkled.
The fibres contain only some myofibrils located beneath the sarcolemma and
forming there a loose network. In the middle of the fibres, only single myo-
fibrils are occasionally seen. The myofibrils have an undulating descent and
arrange in all the three dimensions of space, as shown clearly in prepara-
tions stained with Heidenhain’s iron hematoxylin. Striation is less conspicuous
and more confluent in myofibrils than in the ordinary heart muscle. In impreg-
nated preparations obtained from the horse, striation appears more sharply
on thinner than on thicker fibres. In the heart of the horse, the myofibrils vary
in thickness. On thicker ones, striation is very sharp, whereas on thinner ones
it is confluent. In this respect, preparations treated with PAS provide reliable
information.
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From the sinoatrial node exit parallel-running bundles of stimulus-conducting
fibres. These bundles carry fibres to the upper vena cava, the auricle, the atrial
wall and septum. The fibres carried by these bundles are thicker and foamier than
those in the sinoatrial nodule. Their straight descent and sharper striation resem-
bles those of the mechanical fibres, but their typical features are still recognizable.
Their nuclei are large and blister-like, their cytoplasm stains pale, the myofibrils
are loosely arranged and the Eberth’s lines are invisible. These differences are
obvious only in the fibres passing inside the trunks, while those exiting to the heart
muscle fibres vanish gradually, rendering a further follow-up of the system
impossible.

Innervation of the Sinoatrial Node

The sinoatrial node, and in general also the terminal crest (crista terminalis) and
terminal sulcus (sulcus terminalis) are quite rich in nerve fibres. This was observed
earlier by Keith and Flack. Their finding was confirmed by later investigators.
Concerning the system’s innervation, larger trunks containing fibres of varying
diameters and in their surroundings smaller and larger ganglia are seen in a
remarkably large number adjacent to the stimulus-conductirg tissue in the epi-
cardium and endocardium of the sinoatrial node and its immediate surroundings.
In this region, Oppenheimer (1912) described ganglia in the ungulates, while in the
cat Eversbusch (1915) observed scattered nerve cells. According to our own
experience, the ganglia as a rule comprise multipolar nerve cells, some of which are
quite small in comparison with those found in other portions of the stimulus-con-
duct ing system. In the pig and cow, many cells were found whose processes did not
impregnate, thus only the rounded cell bodies and the chromatin-poor nuclei were
seen in the preparations. The presence of such cells in the heart ganglia of sheep
was described also by Lawrentiew. He also saw such cells beside the heart ganglia
in other vegetative ganglia and named them micro-cells. In calves, micro-cells
located in the perisinal ganglia were circumflected by varicose fibres. Over some
of the micro-cells fibres terminating in spheres of varying sizes and presumably
of vagal origin were apparent. These endings have been considered by us to be
synapses.

In all the three animal species, the nerve trunks enter the sinal connective
tissue after repeated branchings, ramify gradually over the stimulus-conducting
fibres to form a loose network. This particular network was uniform in all the
three species. Yet certain differences were encountered in the finer innervation.
These differences are obvious in both the efferent and afferent nerve endings as
well as in the structure of ganglia interconnected with the stimulus-conducting
system.

The largest number of nerve fibres was found in the pig’s sinoatrial system. From
the trunks containing mixed fibres exit here and there some thicker, apparently
vagal fibres accompanied by thinner sympathetic fibres. In the stimulus-conducting
fibrous tissue surrounding the nerve trunks, the thick fibres branch off several
times, and are attached closely to the sarcolemma of stimulus-conducting fibres;
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Fig. 65. Sus scrofa domestica. Nerve fibre plexus in the sinoatrial node, (a)
Stimulus-conducting fibre; (b) nucleus of stimulus-conducting fibre; (c) con-
nective tissue; (d) nucleus of the connective tissue cell; (e) nerve bundle; (f)
thick nerve fibre; (g) branching; (h) nerve fibre plexus. Bielschowsky-Abra-
hém’s method. Microscopic magnification 600X>reduced photographically to %

they surround these by forming a delicate plexus. The vagal origin of the thicker
fibres is indicated by their structural features in that they are slightly varicose
and show neurofibrillar structure in the appropriately impregnated areas. Along
their descent these fibres branch off several times in triangular patterns and
become gradually thinner. Certain branches of the nerve fibres yield terminal rami
carrying delicate nodules on their preterminal portions. From these fibres exit
short side branches ending in terminal spheres, somewhat larger in dimension than
the varices. In preparations permitting the study of the main fibre’s entire path,
endings appear beneath the sarcolemma as end spheres or rings arisen from loops



INNERVATION OF THE HEART 113

of the fibres’ terminal portions. Thinner fibres exiting from the trunk pass along
the thicker ones for a while then branch off, terminating occasionally along the
thick fibres. 1n other cases, they separate from the thick fibres and follow an
independent passage or conjugate with the network of another fibre system and
also end there. Here, too, they terminate in end spheres Of end rings, Sometimes
epilemmally (Fig. 65). Innervation Of the branches exiting from the sinoatrial
node is essentially similar to that of the node. The stimulus-conducting fibres
are, however, accompanied by the nerves over a longer distance. Endings are
but infrequently seen.

In ungulates, Oppenheimer (1912) described a rich reticulum of nerves entirely
surrounding the stimulus-conducting fibres. We are bound to disagree with this
statement. In fact, the nerve supply of the stimulus-conducting fibres is very rich
and many of them are entirely surrounded by nerve branches, yet there is no
true nerve reticulum present, as the individual fibres fail to anastomose, remaining
independent in every case. In terminal plexuses nerve endings are often seen.

In the sinoatrial system of the pig, beside efferent nerve fibres afferent ones are
also frequently seen. The latter show particular end structures of which two
typical forms are known. One type, found at the border of the myocardium, has
been a new discovery not only in the pig’s heart but also for the heart in general.
A thick trunk, consisting predominantly of thick fibres, enters into the sinoatrial
node. From this trunk exit eight to ten thick fibres on each side. These fibres
ramify immediately adjacent to the trunk. Some of them return into the trunk,
whereas the others either terminate in several small neurofibrillar end plates after
having branched several times, or in one large neurofibrillar end plate, without
branching. The shape and structure of the end plates is quite variable (Fig. 66,
Plate 1/c, p. 48). We believe that our discovery of these special nerve endings enab-
les us to answer two important questions, one of them being raised from a morpho-
logical (a), the other from an experimental physiological (b) point of view, (a) The
location of the vagal depressor fibres as well as the site of their endings have been a
matter of dispute for several decades. The question was whether they pass down
to the heart wall or all end in the aortic arch. Most authors were of the
opinion that all aortic fibres terminate in the aortic wall, but the minority postulat-
ed that some of them also enter the heart. The sensory type end-apparatus detected
by us supports the latter concept in that the broad plate-like endings of the thick
fibres are obviously of a depressor character, (b) On the part of experimental
physiology, Schaefer (1950) was the first to claim the presence of baroreceptors in
the heart wall. Our findings confirm this supposition, indicating the presence in
the heart of pressoreceptors, resp. interoreceptors of baroreceptor activity. The
other type of sensory endings was found in the epicardial connective tissue, near
to the sinoatrial node.That, too, is constituted by thick vagal fibres branching off
several times and forming a dense arborized end system whose markedly narrow-
ing end fibres terminate in delicate end rings.

Like the pig’s sinoatrial system, also those of the horse and calf are innervated
by a rich plexus circumflecting the loose, stimulus-conducting fibres arranging in
all dimensions of space. The fibres, even the most delicate ones, descend smoothly,
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Fio. 66. Sus scrofa domestica. Sensory nerve end plates at the border of the

sinoatrial node, (a) Nucleus of connective tissue cell; (b) nucleolus of a con-

nective tissue cell; (c) nerve trunk; (d) thick nerve fibre; (e) thin nerve fibre;

(f) nerve end plate. Bielschowsky—Abraham’s method. Microscopic magni-
fication 600X, reduced photographically to %

finely varicose fibres being present only in the pericellular apparatuses of the
adjacent ganglia. In the calfand horse, no nerve endings similar to those detected
in the pig were seen on the stimulus-conducting fibres. Our preparations suggest
that in the former two species, end connections are very likely constituted by the
delicate, nearly submicroscopic plexus of nerve fibres seen particularly well in the
sinoatrial system of the calf. So far no sensory endings have been detected in the
calf and horse.
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Atrioventricular System

The Aschoff—Tawara nodule (nodulus atrioventricularis Aschoff—Tawara) is
located in the right atrium’s lower part, ventrally from the entrance ofthe coronary
sinus, caudally from the oval fossa and above the medial cuspis of the tricuspid
valve. It is of elongate-ovoid shape, its width being equal with that of the His’
bundle in the pig, whereas it is in every case broader in the horse and calf. It is
separated from the endocardium by a thin muscular layer that connects also with
the medial valve. It attaches closely to the anulus fibrosus in whose anterior
corner (trigonum fibrosum dextrum) a roughly triangular cartilage is found in the
horse and pig, and a bone of similar shape (os cordis) in the calf. It lies adjacent
to the aorta. According to Holl, the connective tissue, bordering the Aschoff-
Tawara nodule as processus tendineus aortae, also originates from this area. In the
heart of the rat, guinea-pig and dog, Schinde and Ohmori (1928) described an
accessory system associated closely with the Aschoff—Tawara nodule. In the
domestic animals examined we failed to identify this system.

The bundle of His (fasciculus atrioventricularis His) exits from the Aschoff-
Tawara nodule and runs towards the ventricular septum. The common stem (crus
commune) of this bundle passes in the atrial part of the septum membranaceum
cordis which provides it with a connective tissue sheath. Above the ventricular
septum (septum ventriculorum) the bundle of His divides, at a sharp angle, into
two branches known as the branches of Tawara (crus dextrum et sinistrum).

The right branch of Tawara (crus dextrum) assumes initially a subendocardial
position, then goes to the myocardium and passes further intramuscularly in the
ventricular septum. Reaching the septal papillary muscle it sends a weak branch
to it, whereas the rest of the fibres pass further in the transverse muscle (musculus
transversus). This constant muscle bundle, traversing the right ventricle’s lumen,
was already known by Leonardo da Vinci, thus Holl named it after him. Tandler
(1913) called it trabecula septomarginalia, while after King (1937) it has been called
also the moderator fascicle. The stimulus-conducting fibres passing inside this
fascicle traverse the right ventricular lumen and go to the parietal papillary muscle.
In man, Benninghoff described branchings and returning loops of the stimulus-
conducting fibres carried by the fascicle. In the animal species examined by us,
no such conditions were detectable. We found that at the base of the parietal
papillary muscle the fascicle arborized, yielding rami which passed to the ventric-
ular muscles along with the system of Purkinje fibres.

The left Tawara branch turns after its exit slightly downwards and runs closely
to the heart cartilage (in the calf at the medial border of the os cordis) along the
edge of the ventricular septum. It traverses the right posterior aortic valve (spa-
tium intervalvulare Henlei) and goes to the left ventricular septum. The left
branch is bordered against the aorta by the musculus subaorticus Jerisch, weakly
developed in the pig, but quite large in the horse and calf. The left branch is
broader and flatter than the right one and passes further immediately beneath the
endocardium. In the calf it is visible under the endocardium owing to its greyish
colour, whereas in the horse and pig it has the same colour as the heart muscle,
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being thus inapparent. According to Ungar (1924), its path is easily followed up in
iodine-treated material. At the middle of the ventricular septum the branch
broadens and subdivides into three smaller rami. A weaker branch passes on in the
ventricular septum, while the two stronger ones (fasciculus anterior and posterior)
enter the left ventricular lumen from beneath the endocardium. During its passage
to the left ventricular apex it gives rise to tendinous rami which then unite again.
The latter were called by Benninghoff “pseudo-chordae tendineae”. The system of
interconnected tendinous branches is richest in the calf. In the horse, two muscular
branches, resembling the septomarginal trabecula, extend into the left ventricle’s
lumen. In the pig, the branches attach closely to the endocardium, running along
it to the apex of the left ventricle. At their ends they continue in Purkinje fibres
and vanish among the ventricular muscles. In man, Koch (1922) described bundles
returning from the site of branching of the left branch, and compared them to the
trabecula septomarginalia. In the mammals examined by us, no such returning
branches were detected.

According to the studies of Haas (1911), in man the artery supplying the
atrioventricular system arises in the right coronary artery and goes from the
posterior coronary sulcus as “ramus septi fibrosi” to the atrial septum, then enters
the node richly branching. We, too, found that in the horse and pig the Aschoff-
Tawara nodule, the His’bundles’ crus commune part and right branch receive their
blood supply mainly from the right coronary artery. It appeared, however, that
in the calf, the right and left coronary arteries have an equal share in the blood
supply of these areas. The stronger arterial branch passing along the left branch of
His’ bundle was, however, identified as a branch of the left coronary artery in all
the three species. Nevertheless, consistently with Spalteholz (1924) we also wish to
emphasize the great variability encountered in the vessel supply. As to the veins
of the atrioventricular system, we agree with Géraudel’s statement (1928) that
these veins open into the right atrium through the Thebesian foramina. In the
animal species examined by us, the veins were found to open into the right atrium
near the lower margin of the upper hollow vein. Johnstone, Wakefield and Currey’s
(1923) studies on the finer vessel supply of the atrioventricular system of calves
revealed a much poorer vascular system in this area than in the ordinary heart
muscle. This was supported by the observation of Wearn and Zschiesche (1928)
who described a vessel supply about half as rich in the atrioventricular system as
in the heart muscle. We agree with the above authors as to the poorness of
capillary supply, yet we did not see any notable difference in the general blood
supply of the atrioventricular system and mechanical heart muscles.

Histology of the Atrioventricular System

The Aschoff-Tawara nodule is similar in architecture to the sinoatrial node.
Essentially it is built up from the loose syncytium of stimulus-conducting fibres
arranged in all dimensions of space. The interspaces of the fibres are filled by
connective tissue, making appearance occasionally in large island-like masses
among the stimulus-conducting fibres. Out of the three animal species examined
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the Aschoff—Fawara nodule shows the densest structure in the pig. In the calf it
consists of loosely arranged and in the horse, of very loosely arranged, stimulus-
conducting fibres. Another typical feature of the calf’s Aschoff-Tawara nodule is
that it is divided by a fairly broad connective tissue membrane into a larger atrial
nodule and a much smaller ventricular nodule. The nodules of the pig and calf are
both constituted mainly by loose fibrous connective tissue but in the calf there
are more elastic fibres. In the horse, the connective tissue continues in a lamellar,
dense, fibrous tissue above the His’ bundle,In the connective tissue the number of-
elastic fibres is considerably lower. In man, Renon and Géraudel (1913) found
numerous elastic fibres in the Aschoff-Tawara nodule. In man, Bullard (1921)
observed the presence of numerous fat cells, whereas we failed to detect them in
the Aschoff-Tawara nodules even of fat animals.

As with the sinoatrial system, the atrioventricular system also comprises
two kinds of fibres, viz. thick and thin ones. The diameters of thick and thin fibres
exceed those of the ordinary heart muscle fibres by about 3 and \§2 times, respec-
tively. Benninghoff (1930) described similar thin and thick fibres in the atrio-
ventricular system of man. He claimed that the Aschoff-Tawara nodule, His’
bundle and the initial regions of the right and left Tawara branches consisted of
thin fibres, whereas the endmost branches of the bundle of thick fibres.
According to our own experience, the entire atrioventricular bundle is composed
of thick Purkinje fibres right from the exit of His’ bundle onwards.

In the atrioventricular and sinoatrial systems alike, the stimulus-conducting
fibres appear paler in haematein-eosin or van G-ieson’s stain. With Best’s carmine,
they stain more vividly than the surrounding heart muscle fibres. When treated
with PAS, they appear in a bright red colour, except for the nuclei and the neigh-
bouring cytoplasm portion which both remain completely unstained (Fig. 67).
In cattle, Koch distinguished an atrial and a ventricular part of the Aschoff-
Tawaranodule on the basis of Best’s staining. We agree with this differentiation yet
claim to contradict the statement that the atrial nodule is more reticular in
structure than the ventricular one and also stains better owing to its higher
glycogen content. We found an identical reticulation in both nodules, the difference
being that the atrial one contained somewhat thicker fibres than the ventricular
one. Yet they stained homogeneously. Preparations stained with Heidenhain’s iron
hematoxylin are very conclusive as they show clearly the crossings of myofibrils
arranged in all the three dimensions of space. The myofibrils are about uniform in
thickness, except for those in the pig’s Aschoff-Tawara nodule, where relatively
thin as well as thick ones may be encountered. The striation of the myofibrils is so
vague that it is perceived rather than seen in stained preparations. In impregnated
preparations, however, it appears sometimes quite clearly in the Aschoff-Tawara
nodules of the horse and calf. Nuclei are large, mostly ovoid or blister-like, often
doubled. In the pig they may be quintuple, in the calf even octonary. The fibre
systems, with one to eight nuclei per fibre, give very remarkable pictures. It is of
interest that in some cells the nuclei are arranged in a row along the longitudinal
axis, while in others, along the perpendicular axis of the fibre. Naturally, the
nuclei may often form groups instead of rows. The numbers, arrangements and



118

INNERVATION OF THE HEART AND BLOOD VESSELS

Fig. 67. Equus caballus. Left branch of the His’bundle. PA S-stain. Glycogen in

the stimulus-conducting fibres, (a) Connective tissue; (b) nucleus of connective

tissue cell; (c) stimulus-conducting fibre; (d) nucleus of the stimulus-conduct-

ing fibre; (e) fat cell; (f) nucleus of the fat cell; (g) mechanical muscle fibre;

(h) transverse striation; (i) glycogen. Microscopic magnification 120X, re-
duced photographically to %
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Fig. 68. Bos taurus. Right branch of the His’ bundle. Polynuclear stimulus-
conducting fibres, (a) Stimulus-conducting fibre; (b) nucleus of stimulus-
conducting fibre; (c) connective tissue; (d) nucleus of connective tissue cell;
(e) myofibrils; (f) nerve bundle; (g) nerve fibre. Jiielschowsky—Abraham’s
method. Microscopic magnification 160X, reduced photographically to %
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mainly the particular groupings of the nuclei are suggestive of amitotic divisions
occurring in certain, or at least not simultaneously in all nuclei. This accounts for
the observation that the number of nuclei is in some stimulus-conducting fibres
even, while in others odd (Fig. 68). Part ofthe nuclei are surrounded by a pale cy-
toplasmic halo. Such fibres were called cavernous fibres by Benninghoff. The sar-
coplasm stains pale. At higher magnifications, it appears sometimes homogeneous
and sometimes delicately granulated. The granules consist most probably of gly-
cogen. Neither cell margins, nor Eberth’s lines are seen. According to Schaefer,
the cell syncytia are kept together by a colloidal cement rendered invisible by
having a refraction equal to that of the cytoplasm. As shown by electron micro-
graphs, the stimulus-conducting fibres consist of several elongate or sometimes
polyhedric cells separated by thin membranes allowing for the passage of myofibrils,
however.

Innervation of the Atrioventricular System

Like the sinoatrial node, the Aschoff-Tawara node also receives mixed fibres
from massive nerve trunks. The masses of trunks present in the matrix of the
processus tendineus aortae most probably originate from the aortic plexus.
Beside the trunks, ganglia of varying sizes are also seen around the Aschoff-
Tawara nodules of all the three species. Cells are in general larger in these ganglia
than in those of the sinoatrial node and their morphology is more variable. Many
multipolar forms are seen, but there are also bipolar ones. Many nerve cells have
particular shapes in the ganglia, namely in those of the pig. Synapses appearing
in the form of end rings or compact end bulbs on the surface of ganglial cells are
not exceptional in the pig and calf. In the pig the nodule is innervated by thick and
thin fibres exiting from the trunks and entering the nodule’s connective tissue to
form a superficial, loose plexus on the surface of stimulus-conducting fibres. The
thick nerve fibres carry solid varices being here and there in contact with each
other. Owing to repeated ramifications, the nerve fibres become gradually thinner.
Bundles of thin fibres, comprising also some non-branching thick ones, attach
closely to the stimulus-conducting fibres’ sarcolemma. Here they form rich plexuses
often entirely coveringthe fibre. The nerve fibre supply of the atrioventricular
system is sorich in the pig that in certain regions the atrioventricular system seems
to consist entirely of nerve fibres. When looking at such preparations, the observer
cannot avoid wondering whether the myogenic theory is justified (Fig. 69).

Nerve fibres accompanying the stimulus-conducting fibres terminate by end
rings or end bulbs on the stimulus-conducting fibres, apparently hypolemmally.
It should be noted that nerve endings occur much less frequently on the stimulus-
conducting fibres of the Aschoff-Tawara nodule than on the sinoatrial node.

A rich supply of sensory fibres is observable in the Aschoff-Tawara nodule’s
connective tissue border adjacent to the septum membranaceum cordis. The
sensory fibres are quite thick, myelinated and after de-myelinization they branch
off richly in the connective tissue. Thick rami are roughly, whereas the thin ones
are delicately varicose. They terminate in end spheres along the vessels and on the
connective tissue cells,
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Fig. 69. Sue scrofa domestica. Aschoff-Tawara nodule, (a) Stimulus-conducting

fibre; (b) nucleus of stimulus-conducting fibre; (c) connective tissue; (d)

nucleus of connective tissue cell; (e) nerve fibre plexus; (f) thick nerve fibre;

(9) thinnerve fibre. Bielschowsky—Abrahdm’s method. Microscopic magni-
fication 160X, reduced photographically to %

The plexus supplying the Aschoff-Tawara nodules of the horse and calf is, as in
the pig, constituted by thick and thin fibres. The stimulus-conducting fibres are
entirely surrounded by nerve fibres exiting from the plexus in masses. In the horse,
the terminal rami carry delicate varices. The markedly narrowed terminal fibres
end freely, terminal structures being seen quite infrequently.

The innervation of the calf’s Aschoff-Tawara nodule differs from that of the pig
and horse. In the calf, the thick and thin fibres constituting the superficial loose
plexus continue in a delicate end plexus whose parts may, on the basis of the
available pictures, well be considered terminal structures. The latter were examined
by us with special care as they bore a slight resemblance to the structures described
as reticula by Seto (1930), Akkeringa (1949) and Meyling (1955). In the pig and
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calf, this type of end structure is clearly visible both in the atrioventricular node
and in the His”bundle, to be discussed later. With high-power immersion objectives,
an exceptional richness of nerve fibres and plexuses is seen. Nevertheless, all fibres
are independent, forming plexuses rather than reticula. In thick sections or poorly
impregnated preparations, however, plexuses may be mistaken for reticula.
Pictures seen in properly fixed and impregnated sections have never shown a
convincingly reticular structure. All publications on the existence of a reticulum
in this region appear to be erroneous and derive from misinterpretation of not
quite satisfactory preparations (Seto, 1936; Meyling, 1955). The absence of a
reticulum is evidenced by a number of adequately processed sections in our
collection, one of them being demonstrated in Fig. 70 drawn from a high-power
microscopic picture (Fig. 70). Naturally the mere presence of a terminal plexus
per se does not clarify the morphological aspects of stimulus conduction. Irrespec-
tive of its richness and delicacy (Fig. 69), the plexus is definitely not an end
structure. Our failure to detect nerve endings in the calf may be ascribed to the
inadequacy of impregnation.

In the following account we discuss the innervation of the atrioventricular
bundle whose common stem (crus commune) receives the richest nerve supply of
all parts of the stimulus-conducting system. Microscopic preparations obtained
from this structure show quite clearly the close relationship of the nerve system
with the stimulus-conducting system. This again led us to question the validity

of the myogenic theory which seems to be scarcely feasible in view of the extra-
ordinarily rich nerve supply (Fig. 70).

The common stem of His’ bundle receives nerve fibres partly from the Aschoff—
Tawara nodule and partly from the surrounding rich endocardial plexus. In the
pig, the plexus formed of thick and thin nerve fibres enters the bundle’s connective
tissue matrix, intertwines with the Purkinje fibres forming a rich superficial system
of plexuses on their surfaces. In the superficial plexus the fibres ramify, become
thinner and form a secondary plexus in which the thick fibres exhibit strong, the
thin ones delicate varicosity. The thicker fibres have an undulating descent and the
fibrils are well visible within them (Fig. 71).

The nerve plexus running in the common stem of His’ bundle continues in its
two branches, accompanying them in the form of two larger plexuses. Nerve
pictures seen in specimens from the right and left Tawara branches correspond to
those obtained from the common stem. Like the common stem, the two
branches are also supplied by rich plexuses also showing nerve endings, some
of them efferent and some afferent.

The efferent endings are smaller end rings orend spheres located epilemmally on
the stimulus-conducting fibres while hypolemmally on the Purkinje fibres. Afferent
endings appear to be scattered over the whole area of the atrioventricular system,
being present in the superficial plexus as well as in the connective tissue adjacent
to the bundle. The latter may appear in several forms. In some areas around the
common stem end rings, end spheres of various types as well as other more or less
irregular terminal structures are apparent, part of which are the connecting end
structures of the thin fibres (Fig. 72).
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Fio. 70. Bos taurus. Heart; innervation of the Aschoff-Fawara nodule, (a)
Stimulus-conducting fibre; (b) nucleus of the stimulus-conducting fibre; (c)
transverse striation; (d) capillary vessel; (e) nucleus of endothelial cell; (f)
nerve plexus; (g) nerve fibre; (h) varix. Bielschowsky-Abraham’s method.
Microscopic magnification 600 X ,reduced photographically to %

In the connective tissue adjacent to His’ bundle, afferent fibres are present in a
smaller number passing in particularly rich plexuses constituted by very thick
fibres terminating in bulky end bulbs. These types of sensory endings are found
closely to the rich nerve fibre system running along the descent of His’ bundle and
as such belonging to the bundle’ssensory system (Fig. 73). In the horse, the com-
mon stem of the atrioventricular bundle is characterized by the simultaneous
presence of nuclear degeneration and regeneration processes. These phenomena are
indicated by the presence of small granules, exhibiting great affinity to nuclear
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Fig.71.Sus scrofa domestica. Nerve fibre plexus inthe His bundle, (a) Stimulus-
conducting fibre; (b) transverse striation; (c) nucleus of connective tissue cell;
(d) nucleolus of connective tissue cell; (e) thick nerve fibre; (f) thin nerve
fibre; (g) neurofibril; (h) varix. Bielschowky-Abrahdm’s method. Micro-
scopic magnification 1350 X, reduced photographically to 12

stains and silver impregnation, around the nuclei of the stimulus-conducting fibres.
The fact that granules are sometimes seen over a larger area and sometimes only
immediately adjacent to the nucleus indicates their migration from the nucleus
through a discontinuity of the nuclear membrane. In the majority of cases also the
deterioration of the nucleus is well visible at the site from where the granules
started to migrate. The phenomena described above imply a continuous process of
nuclear degeneration and regeneration in that the nuclear chromatin migrates
gradually to the cytoplasm and the deteriorating nucleus thereby regains its
chromatin constituent again. It may be assumed as well that the nuclei deteriorate
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Fig. 72. Sus scrofa domestica. Nerve fibre plexus in the His bundle, (a)

Connective tissue cell; (b) nucleolus of the connective tissue cell; (c) thick

nerve fibre; (d) thin nerve fibre; (e) neurofibril; (f) nerve ending. Biel-

schowsky-Abrahdm’s method. Microscopic magnification 900 X, reduced
photographically to %

completely and are subsequently newly formed. The available pictures, however,
suggest that both nuclear degeneration and regeneration are incomplete processes.

The nerve endings seen in large masses in the common stem of the horse’s
atrioventricular bundle bear a striking resemblance to those found in the cyto-
plasm of the stimulus-conducting fibres. This is, however, not characteristic,
implying only that either the material was more suitable for impregnation or that
the method applied may have been, owing to some slight modification, more
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Fig. 73. Sus scrofa domestica. Sensory nerve end knob at the border of His’

bundle, (a) Connective tissue bundle; (b) nucleus of connective tissue cell;

(c) nucleolus of connective tissue cell; (d) thick nerve fibre; (e) thin nerve

fibre; (f) varix; (g) nerve fibre plexus; (h) sensory end knob. Bielschowsky-

Abraham’s method. Microscopic magnification 900 X, reduced photographic-
ally to y2

suitable for making endings visible. Anyway, after reaching the sarcolemma of the
stimulus-conducting fibres, nerve fibres from the superficial plexus of His’ bundle
become markedly varicose, enter the sarcolemma and, after branching off several
times, form end structures of variable shapes reaching frequently almost to the
nucleus (Fig. 74).

In the right and left branch of the bundle no such nerve endings were seen.
In the branches, the nerve fibres, carrying many delicate varices, are winding



INNERVATION OF THE HEART 127

Fig.74. Equus caballus. Nerve fibre plexus from the His’bundle, (a) Connective

tissue cell; (b) nucleus of the connective tissue cell; (c) capillary; (d) nu-

cleus of the endothelial cell; (e) ordinary cardiac muscle fibre; (f) impulse-

conducting cardiac muscle fibre; (g) nucleus of the conducting cardiac mus-

cle fibre; (h) chromatin granules; (i) nerve fibre bundle; (j) nerve fibre

plexus; (k) nerve fibre. Bielschowsky—Abraham’s method. Microscopic magni-
fication 600 X, reduced photographically to ¥2

spirally around the large blister-like Purkinje fibres. These structures remind us
of those described by Engel and Morison in the left branch of the atrioventricular
bundle of man, with the difference that these are no reticula but plexuses.

In the connective tissue along the bundle of His smaller ganglia are seen, while
in the bundle itself scattered nerve cells occur. The latter are usually multipolar
and show variable shapes dependent very likely on age. Various sensory endings
characteristic of this area are present in the endocardium of the ventricular septum
near to the myocardium along the right and left branches of His’ bundle.
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Localization of Acetylcholinesterase in the
Stimulus-conducting System

Two completely contradictory concepts have been advanced during the past
years on the histochemical behaviour of the stimulus-conducting system. Based on
his examinations on rabbit, guinea-pig and calf, Schiebler (1963, 1955) denied the
presence of acetylcholinesterase in the stimulus-conducting system. In contrast,
and Mohr Gerebtzoff (1954), and also Dumont (1954, 1957), examining similar
material, reported positive results of the acetylcholinesterase test. Dumont de-
scribed the presence of an intensive positive reaction also in the Purkinje fibres
ofthe dog’s atrioventricular system, and sometimes also in the interfibrous areas.
He stated that, at least in the dog, the Purkinje fibres inside both branches of His’
bundle are covered by a sheath of marked acetylcholinesterase activity. Mohr and
Gerebtzoff, and also Dumont, observed a special intensive cholinesterase activity
also in the fibres of the nodal system. Concerning the nerve elements, all authors
have agreed that the ganglia are definitely acetylcholinesterase positive. Opinions
are, however, divergent in respect of the histochemical behaviour of the nerve
filires. Mohr and Gerebtzoff observed enzymatic activity in all postganglionic
fibres. In one of his papers also Dumont hinted at similar observations and like
Schiebler, he, too, described the cholinergic nerve fibres as the sites of acetyl-
cholinesterase activity.

Having had a satisfactory amount of morphological data available, we decided
to examine the cardiac stimulus-conducting system of the pig, horse, calf and
buffalo for the localization of acetylcholinesterase activity.

Examinations were carried out by the method of Koelle and Friedenwald as
modified by Gerebtzoff (1953) and Coupland and Holmes, respectively. Assays for
specific cholinesterase were made in the Aschoff-Tawara nodule, stimulus-con-
ducting fibres of the atrioventricular bundle, ganglial cells, nerve fibres and nerve
end apparatuses. Specimens were fixed according to the prescriptions latest 20
minutes after exit. Incubation was made with acetylthiocholine-iodide substrate at
pH 5and pH 6-2 at 37°C. Good preparations were obtained 4—f hr after treatment
with ammoniumpolysulphide. Controls were run on the stellate ganglion, and the
superior cervical ganglion as well as on portions of the sympathetic trunk, vagus
nerve and ganglion nodosum vagi. The reaction was stopped by the addition of
prostigmine to the incubation mixture.

Sinoatrial Node

The stimulus-conducting fibres of the sinoatrial node showed a pronounced
acetylcholinesterase reaction in all animal species examined. The dark brown hue
appearing at the margins of the thicker, or over the whole, surface of the thinner
stimulus-conducting fibres bordered the sinoatrial system sharply against the pale
myocardial muscles. The dark brown reticular mass formed by the fibres is
particularly well visible in the pig, even at a low magnification. In the interspaces
of the fibres the reaction was not entirely negative either, producing a homogeneous
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Fie. 75. Bos taurus. Positive acetylcholinesterase reaction on nerve cells, on

cholinergic nerve fibres and in the region of the sinoatrial node. Coupland-

Holmes’method, (a) Nerve cell; (b) nerve trunk; (c) nerve fibre. Section thick-

ness 20 ft. Substrate: acetylthiocholine-iodide; pH 5; incubation 6 hr. Magnifi-
cation 80X

lighter yellowish colour. Comparison of these preparations with the corresponding
morphological ones raises two question: (a) is the specific cholinesterase activity of
the stimulus-conducting fibres localized to the sarcolemma, the sarcoplasm or the
myofibrils or to all of them ? (b) whether the extraordinarily dense systems of end
plexuses seen in impregnated preparations from the sinoatrial node, and also from
the stimulus-conducting fibres of the pig and calf, may be identified by the
cholinesterase reaction and if they may, what forms the nerve end connections

would take ?
(@ The thicker stimulus-conducting fibres exiting from the node show an

intensive cholinesterase activity rather at their margins, the enclosed cytoplasm
being only of a paler yellowish colour. This implies that the bulk of specific
cholinesterase is localized in the sarcolemma. Naturally, some of it may be present
also in the cytoplasm. Myofibrils remaining invisible, in every case were regarded
acetylcholinesterase as negative.

(b) The second question presents a more intricate problem. In general, most
acetylcholinesterase-positive nerve trunks are found immediately beneath the
epicardium where ganglia of varying sizes are also located, presenting strongly
positive reaction (Fig. 75). According to the general experience, only a few cholin-



130 INNERVATION OF THE HEART AND BLOOD VESSELS

ergic nerves are present in the sinoatrial system. As shown by the reaction, they
occur either in the form of smaller trunks among the stimulus-conducting fibres or
along the vessels and in the connective tissue between the stimulus-conducting
fibres. From the cholinergic trunks thin fibres are seen to go to the stimulus-
conducting fibres (mainly in the calf but sometimes also in the pig and horse)
where they can be followed for only a very short distance owing to the latter’s
marked activity. Hence there is no evidence concerning the share of cholinergic
efferent end apparatuses in the reaction observed in the stimulus-conducting fibres
themselves. Thus this type of histochemical examination failed to yield definite
conclusions on the nature of nerve endings in the animal species examined.

Aschoff—Tawara Nodule

The specific acetylcholinesterase activity of the Aschoff-Tawara nodule corre-
sponds roughly to that exhibited by the sinoatrial node, being, however, somewhat
less in intensity. In comparison with the latter, larger masses of cholinergic nerves
are present, appearing in the form of very thick trunks mainly at the orifice of
the aorta. From the large trunks exit smaller ones, which again subdivide into single
fibres and constitute a plexus. The ganglia located along the larger nerve trunks
beneath the aorta’s orifice also gave strong positive reactions. Acetylcholinesterase
activity in the ganglial cells obviously involves the entire neuroplasm, pale spots
being seen only at the sites of the nuclei.

Identification of the vagal part within the heart ganglia presents a further
problem. We failed to clarify this on a morphological basis as ho vagus-type nerve
cells were demonstrable. Around the Aschoff-Tawara nodule, however, our atten-
tion was attracted by some morphologically peculiar nerve cells, which structurally
resemble the sympathetic cells of type Dogiel 1. We believed them to belong to the
parasympathetic system but were in no position to confirm this assumption
morphologically. Our recent histochemical studies, however, allowed a closer
approach to the problem. Some scattered cells with definitely cholinergic processes
are apparent in nearly all ganglia of the pig and several in the sinoatrial ganglia
of the calf. To provide an adequate basis for the interpretation of this phenomenon,
the stellate ganglion, superior cervical ganglion and ganglion nodosum vagi were
examined as controls. In ganglion nodosum vagi there was a special cholinesterase
activity in the cells’ processes, while in the stellate and superior cervical ganglia
only the cell body was found to be active. Thus we concluded that in the pig the
cholinergic processes are postganglionic parasympathetic fibres, and we suppose
these cells to belong to the vagal system. The synapses demonstrated in the
ganglia by morphological methods could not be verified convincingly by enzyme

assay.
His' Bundle

In the nodal elements of the stimulus-conducting system, definitely positive
acetylcholinesterase reaction was demonstrable in the stimulus-conducting fibres.
This correlates well with the findings of Dumont, Mohr and Gerebtzoff. This is not
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Fig. 7> Sus scrofa domestica. Positive acetylcholinesterase reaction in the

cholinergic nerve trunk of the atrioventricular bundle. Coupland-Holmes’

method, (a) Nerve trunk; (b) nerve fibre. Section thickness 40 fi. Substrate:
acetylthiocholine-iodide; pH 6-2; incubation 4 hr. Magnification 225 X

the case with the reactions of the Purkinje fibres. Fibres giving strong positive
and entirely negative reactions were found adjacent to each other in the left and
right Tawara branches. Thus in this respect we are bound to support the concept
of Schiebler. We must admit, though, that in the crus commune of a pig we, too.
have observed a certain homogeneous activity which, with a lesser intensity, was
sometimes found in the branches as well. Since, however, this phenomenon was
observed in only some sections obtained from a single animal, it was considered
a methodical failure. The known lability of the ammoniumpolysulphide solution,
the time of its storage and the mode of 0-1 m CuSo4addition may result in aberrant
reactions, unless prevented.

The rich nerve supply of the atrioventricular bundle (crus commune) is demon-
strable also histochemically. In preparations treated with the method of Coupland
and Holmes, large masses of cholinergic nerves, carrying scattered nerve cells and
smaller ganglia, are apparent inside as well as outside the bundle. Sometimes
colour reactions are as intensive as if the preparation were impregnated (Fig. 76),

The negative reaction of the tissue itself allows a closer histochemieal study of
the interconnections between the intracardial nerve system and the stimulus-
conducting fibres. For this purpose, specimens from the buffalo proved to be the
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Fig. 77. Bos bulbalus. Enzymic activity in the nerve plexus near the left

branch of the atrioventricular bundle. Coupland—Holmes’ method, (a) Nerve

bundle; (b) nerve plexus; (c) nerve fibres. Section thickness 40 fx. Substrate:
acetylthiocholine-iodide; pH 5; incubation 7 hr. Magnification 225X

most favourable test materials, yet essentially the phenomenon can be pursued
also with other species. In all probability, the advantages of the applied method
can be best utilized with the buffalo, owing to the greater cholinesterase activity
in its cardiac stimulus-conducting system. The pictures reveal definitely nerve-
like patterns so it would be erroneous to conclude that the end connections of the
intracardial nervous system were reticula. This is clearly visible in Fig. 77, showing
the histochemical picture of the buffalo’s His” bundle. Nerve branches exiting from
the thicker cholinergic trunks are seen to surround with a delicate system of
plexuses the pale areas corresponding to Purkinje fibres. Frequently some of the
fibre bundles or individual fibres give a stronger reaction. It is not quite clear
whether this reflects a methodical peculiarity or an actual functional state of the
nerve involved. Owing to the intensity and homogeneity of the reaction it is not
quite clear either whether the enzyme is localized in the fibres’ neurilemma or in
its axon or in both.

Efferent endings present here and there in the stimulus-conducting system in
the form of end rings or end spheres, were not demonstrable by the method of
Coupland and Holmes, the minute precipitate formed in this reaction being most
probably below the light microscope’ resolution. End fibres, however, were

occasionally quite well visible.
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No enzyme activity was demonstrable in the interoceptors present in large
numbers over the entire area of the pig’s stimulus-conducting system (Abraham
and Erdolyi, 1957). This is the more surprising as Abraham (1956), using the
method modified by Gerebtzoff, demonstrated the presence of specific cholin-
esterase in the receptors of the pig’s aortic arch. This suggests that further studies
may reveal enzyme activity also in intracardial receptors. This is the more feasible
as Holmes (1957) has already found a pseudo-cholinesterase activity in the recep-
tors located at the origin of the pulmonary as well as of the superior vena cava.

NERVE ENDINGS IN THE MYOCARDIUM

Nerve endings in the myocardium have presented a difficult problem, whose
clarification may nevertheless be attempted, even with the hardly perfect methods
available. The relevant literary data are controversial. Earlier investigators
(Demoor and Heymans, 1895; Smirnow, 1900; Michailow, 1908; De Witt, 1909;
Sato, 1920; Hoshi, 1926; Jones, 1927; Lawrentiew, 1929; Okada, 1921, and others)
stated that the nerve fibres end freely. Others, however, as Hofmann (1902),
Eukutake (1925), etc., stated the opposite, noting that nerve fibres do not end
individually on the muscle fibres but conjugate with them collectively, in the form
of a delicate end plexus or terminal plexus.

According to the origin of the heart nerves, Boeke (1933) distinguished between
two forms of nerve end structures in the myocardium, viz. free endings and basal
plexuses. In the first group he classified the intracytoplasmic endings, viz. end
bulbs which in his opinion were of vagal origin, whereas in the second group he
placed the delicate plexuses constituted by the end fibres ofthe sympathetic nerves.

In his study on the innervation of the human heart, Seto (1936) consistently
tailed to identify end bulbs in any of the several thousand preparations examined.
In his view, the end bulbs of Boeke were cross sections of thick fibres. This concept
was rendered quite feasible by the relatively high incidence of thick fibres in the
myocardium. Sato stated and also testified by drawings that there were no
free nerve endings on the myocardial muscle fibres, the end connection between
them being constituted—like between the smooth muscle cells and the nerve
system—by Reiser-Stohr’s terminal reticulum.

The author of this volume has devoted more than 25 years to the study of the
morphological connections of the muscle tissue and nerve system and the nerve
endings in the myocardium. Yet none of the several methods applied yielded
evidence for the presence of aterminal reticulum in the myocardium. In every case,
a delicate, almost neurofibril-like plexus was seen to attach to the muscle fibres,
whose single nerve fibres ended freely inside the striated muscle fibres. I have,
however, always emphasized the scarcity in mammals of ring- or sphere-shaped
nerve endings, noting that even uni- or bilateral vagus section will not increase
their incidence remarkably. End rings are still less frequently seen in the human
myocardium. It is, however, quite certain that even there the end connection is
not a terminal reticulum but a plexus, definitely lacking any kind of anastomosis.
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Discussion of the myocardial nerve endings should include those in the mechan-
ical as well as in the stimulus-conducting muscle fibres. As already mentioned in
the foregoing text, nerve endings in the stimulus-conducting fibres are more readily
observed than those in the mechanical muscle fibres. In pictures of the sinoatrial
node as well as of the crus commune of His’ bundle, particularly in certain
mammalian species (pig, horse), it is clearly seen that nerve fibres enter the muscle
fibres and terminate freely therein. Occasionally, nerve fibres entering the stimulus-

ggr][ducting fibres are even seen to ramify and pass further therein over varying
istances.
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sensory endings in the heart have been described by numerous authors. Hachiro
Seto has reported various sensory endings in the atrial endocardium. One of them
was essentially a dendritic branching of a thick fibre. The rami yielded by this
branching become narrower and continue in a delicate plexus, some of whose end
fibres terminate in neurofibrillar end plates. Structurally these end plates resemble
the terminal patterns of the aortic nerve. The second ending described by Seto
was a broad loose coil, also located in the atrial endocardium beneath the endo-
thelium. The third end structure was seen in the atrial myocardium. It was
essentially a nerve plexus formed by a thick fibre around a small vein. Further,
two nerve end structures were found by Hachiro Seto in the stimulus-conducting
system. They were spiral structures, each formed by the branching of a thick
fibre arranged around the muscle fibres similarly to the end spindles.

We, too, found numerous receptors in the hearts of mammals but they did not
correspond to the forms described by Seto, and partly not even to those
reported by other authors for different animal hearts. Since the individual end
structures are typical for the single layers of the heart we describe them below in
this context.

EPICARDIAL RECEPTORS

The rich nerve supply of the epicardium and mainly the high incidence of thick
fibres in the nerve plexuses have been ab ovo suggestive of the presence of rich
sensory systems. Yet examinations had consistently failed irrespective of whether
the end structures were looked for in membranes or sections. The plexuses had
been well visible but only infrequently did we succeed in impregnating terminal
structures. Delicate, sometimes elongate end rings were first seen only in the epi-
cardial plexuses of sheep. The true sensory endings became apparent only when
left orright or bilateral vagus sections were regularly performed. After vagotomy,
enormous sensory systems became apparent both in the epicardium and endo-
cardium, particularly in the cat. As, for impregnation, in toto preparations were pre-
pared from specimens of epicardium, they showed not only the end structures and
the associated end fibres but also the nerve trunks and the various rami exiting
therefrom. Structurally the end apparatuses were rich arborizations whose ter-
minal fibres passed across each other and ended separately in well visible end rings,
as shown in the cat heart preparation presented in Fig. 78.
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Fig. 78. Felis domestica. Receptor from the plexus epicardialis of the right
ventricle. Jabonero’s method. Microphotography
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Fig. 79. Felis domestica. Sensory nerve end system in the right atrial myocar-
dium. (a) Striated muscle fibre; (b) nucleus of striated muscle fibre; (c) nerve
fibre; (d) varix; (e) nerve ending; (f) neurofibril. Bielschowsky-Abraham’s
method. Microscopic magnification 800 X, reduced photographically to %

MYOCARDIAL RECEPTORS

In general, receptors occur in @ much lesser number in the myocardium than in
the epicardium. We found myocardial receptors only in the cat and even there
only in two areas, viz. in the right atrial wall and in the atrial septum. One type

of ending is located right on the mechanical striated muscle fibres, being essentially
a system of neurofibrillar end plates arising from the dendritic branching of a single



138 INNERVATION OE THE HEART AND BLOOD VESSELS

Fro. 80. Felis domestica. Atrial septum, nerve end organ in the myocardium, 72

hrafter bilateral vagotomy (left vagus cut 24 hr after right vagus section), (a)

Connective tissue; (b) connective tissue fibre; (c) nucleus of the connective

tissue cell; (d) striated muscle fibre; (e) nucleus of the striated muscle fibre;

(f) nerve fibre; (g) varix; (h) nerve end plexus; (i) neurofibrillar end plate.

Jabonero’s method. Microscopic magnification 600X, reduced photographic-
ally to y2

thick varicose fibre. The end plates are of variable shapes and dimensions. Con-
sistently with Chabarowa, we, too, found this end structure in the right atrial
wall, at the orifices of the large venae cavae (Fig. 79).

The other type of end structure was found in the myocardium of the cat’s atrial
septum. This formed a more complicated system but was also constituted by the
rich terminal branching of a single thick fibre. The rami yielded by branching of
the main fibre branched off again, and the secondary rami thus formed wound
spirally around the striated musclefibres. The spirals continued in delicate terminal
rami, ending in neurofibrillar end plates on the striated muscle fibres. This end
structure, found in the cat also by Chabarowa, resembles the end muscular spindle
or rather its sensory part. Evidently, both end structures described above are
proprioceptors of the myocardium (Fig. 80).
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ENDOCARDIAL RECEPTORS

The endocardium is particularly rich in receptors. Numerous and various nerve
end structures are present in the right atrial wall, namely in the area where the
orifice of the large veins continues in the heart wall. As a matter of fact, the other
parts of the endocardium are not lacking end structures either. Naturally this
applies mainly to animal species which have been available easily enough for
experimental purposes. We may state that in these species the conditions of
innervation are well known. This does not apply to mammals of large dimensions,
nor to those less easily available for experiment. Nevertheless, we succeeded in
demonstrating even in the latter certain important receptor apparatuses a knowl-

edge of which seems to be essential for the interpretation of heart reflexes.

Below we give detailed descriptions of all kinds of nerve end structures found
in the endocardia of the mammalian species examined by us. The data are present-
ed in a systematic sequence.

DOg (Canis familiaris)

In the dog, near to the orifice of the upper vena cava or rather in the area
where the latter’s media is already constituted by myocardial muscle, coil-like
structures were found. Two types of these structures may be distinguished. One of
them is actually a homogeneous, loose, coil-like ending of a thick myelinated fibre.
The other, too, is coil-like but richer and more complicated in structure. Both of
them are located in the endocardial connective tissue, very closely to the endo-
thelium.

In the left atrial endocardium of the dog, not infrequently much more com-
plicated end structures are also present resembling the particularly rich nerve
endings seen in the wall of the carotid sinus of the dog and also of other mammals.
This is essentially an easily surveyed system of branches exiting from a single
conspicuously thick and sharply fibrillated fibre. The thick fibre branches off
several times. Rami exiting from the main branch are fibrillated and gradually
branch off themselves. The branches run a winding path and divide into delicate
terminal rami which continue in roughly circular and sharply fibrillated end plates.
In the end plates and generally also in the total terminal structure, the inde-
pendency and sharpness of the individual rami as well as the independency of
neurofibrils are particularly conspicuous (Fig. 81).

Fox (Vulpes vulpes)

In the left atrial endocardium of the fox’s heart so far two forms of sensory-
type endings have been detected by impregnation. One of them is more extensive
but still well distinguishable, being actually the rich and fairly dense end structure
of a thick fibre. The thick main fibre which here and there runs an undulating path
and shows an over-all fibrillation, divides into two branches. These rami, too, are
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Fig. 81. Canis familiaris. Heart; nerve end organ in the left atrial endo-

cardium. (a) Main branch; (b) lateral branches; (c) neurofibrils; (d) end branch;

(e) neurofibrillar end plate; (f) end ring. Jabonero’s method. Microscopic
magnification 800 X, reduced photographically to 25
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Pig. 82. Canis vulpes. Sensory nerve end organ in the left atrial endocardium,

(a) Nerve fibre; (b) neurofibrillar intermediary plate; (e) neurofibrillar end

plate; (d) neurofibril. Bielschowsky-Abraham’s method. Microscopic magni-
fication 800 X ,reduced photographically to %

undulating, varicose and fibrillated. The side branches subdivide into many
delicate terminal rami whichare still more sharply fibrillated and continue gradually
in neurofibrillar end plates. The end plates are varying in shape, sometimes round-
ish, sometimes elongate, elliptic or angular, here and there fimbriated. In every
case, the neurofibrils are clearly visible (Fig. 82).

The other nerve end structure found in the left atrial endocardium of the fox
is elongate in shape. Essentially it is a thick myelinated fibre branching off and
being surrounded by a thick plexus of nerves almost along its entire length. The
main fibre giving rise to the rich end structure is covered by a thick myeline sheath
seen to reach up to the site of branching. The thick fibre divides into two rami.
One of them branches off repeatedly, while the other returns and arborizes along
the main branch sending delicate terminal branches to surround the former along
its entire length. In the end structures of both large rami neurofibrils, neuro-
fibrillar intermediary and end plates are well visible. The whole system is extra-
ordinarily rich and differs profoundly from the other one. The dissimilarity of the
two kinds of end structures suggests their belonging to two different nerve fibre
systems. It seems to be likely that one of them belongs to the system ofthe vagus,
whereas the other to that of spinal ganglia (Fig. 83).
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Fio. 83. Cams vulpes. Sensory nerve end organ in the left atrial endocardium,
(a) Axon; (b) myelin sheath; (c) nucleus of the neurilemma; (d) neurofibrillar
intermediary plate; (e) neurofibrillar end plate. Bielschowsky-Abraham’s
method. Microscopic magnification 400 X, reduced photographically to %
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b'm. 84. Felis domestica. Sensory nerve end organ in the right atrial endo-

cardium. (a) Connective tissue; (b) nucleus of the connective tissue cell; (c)

axon; (d) varix; (e) neurofibril; (f) nerve ending. Jabonero’s method. Micro-
scopic magnification 800X, reduced photographically to %

Cat (Felis domestica)

In the right atrium of the cat a mass of sensory end systems is present. They
are particularly well seen in impregnated preparations obtained after uni- or
bilateral vagotomy. In good preparations sometimes several independent thick
fibres were encountered together with then- end systems. All thick fibres are
undulating and their descent may be pursued over quite a long distance. The
descent and appearance of these fibres are occasionally quite specific, resembling
those of depressor fibres. All of them branch off at their ends. The rami thus arisen
branch off again and all terminate in a delicate neurofibrillar end plate. The end
branches and end plates form relatively well defined terminal structures (Fig. 84).
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Fig. 85. Felis domestica. Nerve end fibre system in the right atrial endocar-

dium. Right vagus cut. (a) Connective tissue; (b) nucleus of connective tissue

cell; (c) nerve fibre; (d) nerve ending. Jabonero’s method. Microscopic magni-
fication 800 X, reduced photographically to X2
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Fig. 86. Felis domestica. Nerve end organs in the left atrial endocardium. Bi-
lateralvagotomy (leftvaguscut 104 hrbefore andrightvagus cut 50 hr before),
(a) Connective tissue; (b) nucleus of the connective tissue cell; (c) nucleus of
endothelial cell; (d) main branch; (¢) myelin sheath; (f) varix; (g) end branch;
(h) neurofibrillar end plate; (i) end ring. Jabonero’s method. Microscopic
magnification 800X. reduced photographically to %
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In the right atrial endocardium there are often also elongate loose end structures
constituted as a rule by several thick fibres. Sometimes more than one of these
terminal structures are seen in a single preparation; they may vary in dimensions
but their basic structure is uniform. Essentially they are elongate plexuses extend-
ing over a large area and showing a relatively large number of smaller or larger
end rings. In other cases, larger neurofibrillar end plates are not infrequently seen
along the fibres and mainly inside certain larger coil-like formations. The structure
ofthese end apparatuses implies that reception is not restricted to the end systems
of thick fibres but may be shared also by the end formations present along the
fibres thus presenting a larger surface for the perception of occasional changes
(Fig. 85, Plate 1V/c, p. 244).

In some cases two different end systems, rich also by themselves, may conjugate
by a thick fibre. Both systems are constituted by the terminal ramification of a
thick myelinated varicose fibre. After uni- or bilateral vagotomy these systems,
namely the most delicate fibre branches, appear with an unusual clarity. They
frequently carry spherical varices of varying dimensions and also neurofibrillar
intermediary plates. Also, other end plates of elongate, angular or sometimes leaf-
like shapes may appear in very sharp definition. The independence of end fibres
and end plates is clearly apparent in preparations obtained 72 hr after bilateral,
but particularly after unilateral vagus section. Anastomosis and cytoplasmic con-
fluence are lacking both between end fibres and end plates. Also, it is evident that
the end plates have no association whatever with the local special formations.
Structures possibly connected with the end plates are seen neither beneath
nor around them. The end plates simply receive the physiological stimuli from the
surrounding connective tissue as special conducting systems being definitely absent
between the connective tissue and nerve end apparatuses (Fig. 86, Plate V/a, p. 247).

Tn some instances end structures were seen surrounded in a capsule-like fashion
by connective tissue fibres. Such formations were particularly clearly apparent in
animals having survived vagotomy for a longer time. These end structures looked
like typical coils, with occasional swellings of the fibres. The presence of smaller
and larger end rings inside the coils was, however, suggestive of the fact that they
were rather some rich dendritic nerve fibre branchings of a dense coil-like pattern
enclosed by a connective tissue capsule. Nevertheless, the individual fibres remain-
ed independent, ending freely in end rings (Fig. 87, Plate 1\V/b, p. 244).

The pictures presented by the capsule-less end systems of certain fibres are of
particular interest. With an appropriate choice of the degeneration time it was
shown that the neurilemma disappeared first from the fibre. Later on the myeline
sheath broke up to spherical particles containing occasionally a pycnotic nuclous
from the neurilemma. Subsequently, or sometimes even earlier, the axon was falling
asunder, parts of it remaining apparent, while others vanished completely. It is
of particular interest that after the complete disappearance of the axon the end
structure was still nearly intact although having no connection whatever with the
fibre. This remarkable phenomenon seemed to be supportive of a certain limited
physiological independence of the end systems. The reason for this may be hardly
explained on the basis of our present knowledge. Perhaps the nutrition of the end
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Fig. 87. Felis domestica. Nerve end coil in the right atrial endocardium, (a)

Connective tissue capsule; (b) connective tissue fibre; (e) nucleus of connec-

tive tissue cell; (d) axon; (e) varix; (f) nerve fibre plexus; (g) nerve ending.

Jabonero’s method. Microscopic magnification 800 X, reduced photographi-
cally to y2

structure is to a certain degree independent of that of the mother fibre’s axon.
Yet it ought to be emphasized that this kind of independence is only temporary
as, somewhat later, the fibres constituting the end system also fall to pieces and
disappear completely in due course (Fig. 88).

In the endocardium of the cat there are also other sensitive nerve end organs.
Yetthey are similar to the ones mentioned above. However, it is striking that
the epicardium as well as the endocardium are so abundantly supplied with
Sensory nerves.
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Fig. 88. Felis domestica. Disintegrating sensory nerve end organ in the left
atrial endocardium. Bilateral vagotomy (268 hr after left and 168 hr after
right vagus cut), (a) Connective tissue bundle; (b) nucleus ofconnective tissue
cell; (c) disintegrating axon; (d) myelin sheath; (e) Schwann’snucleus; (f) nerve
fibre plexus; (g) nerve end plate; (h) neurofibrils. Bielschowsky-Abraham’s
method. Microscopic magnification 800 X, reduced photographically to %

Horse (Equus caballus)

In the heart of the horse, loose eoil-like end systems of particular structure are
apparent in the right atrial endocardium. The peculiarity of these structures lies
in their being constituted by numerous delicate smooth fibres carrying scanty
varices. The shape and arrangement of these fibres implies that the above struc-
tures are greater chemoreceptor systems like those found fairly often in the outer-
most adventitial layer of the larger arterial trunks, mainly among the fat tissue.
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Fig. 89. Equus caballus. Heart; sensory nerve end organ in the right atrial

endocardium, (a) Connective tissue; (b) nucleus of the connective tissue cell;

(c) striated muscle fibre; (d) nerve fibre bundle; (e) varix; (f) nerve end coil.

Bielschowsky-Abraham’s method. Microscopic magnification 600 X, reduced
photographically to %
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This interpretation is, however, opposed by the absence of the small cells with
spherical nuclei, typical of the chemoreceptors (Fig. 89).

Accordingly, the coil-like end systems should be regarded as simple pressure or
pain receptors. Nevertheless, in the horse’s atrial endocardium there are also nerve
end systems which, beside delicate nerve end fibres arranged in a coil-like

fashion also comprise small roundish cells typical for ganglia. These structures
have been considered by us as chemoreceptors.

Plg (Sus scrofa domestica)

Some of the nerve trunks passing in the sinus region’s endocardial connective
tissue comprise beside thin undulating fibres also thick undulating ones, usually
more than one per trunk. After branching, these thick fibres sometimes become
thinner, exit from the trunk and after repeated dichotomic branching divide into
numerous fibres innervating extensive areas. The forms of these branchings remind
us of pressoreceptors (Fig. 90).

Beside the sensory endings described above other kinds of sensory endings are
also found in the endocardial connective tissue of the lower part of the pig’s right
atrium. They may be classified into several types. Some of them arise by the abrupt
division of a thick fibre into two neurofibril-like end fibres passing further as
ultraterminal fibres lacking any special ending. In other cases, terminal fibres
arisen by repeated branchings terminate in more or less elongate elliptic end
plates.

Certain sensory endings typical of the pig. are occasionally seen in impregnated
preparations from the atrial endocardium of this animal. Some branches exiting
from the strikingly thick, markedly and densely fibrillated main fibre become
particularly thick and their whole matrix arranges in a row of smaller and larger
beads inside which the neurofibrils are well visible. Some of the thinner branches
are transformed into large neurofibrillar end plates, while others branch off several
times and terminate in end plates of varying patterns. The fine structure and
general appearance of these nerve endings remind us of those of the presso-
receptor endings.

Sheep (Ovis aries)

Impregnation revealed only a single type of sensory end apparatus in the sheep’s
endocardium. We are convinced that here, too, the different sensory functions are
performed by different kinds of end structures, yet so far we have failed to demon-
strate more than one type by impregnation of endocardial membrane specimens.
Remarkably, this type differed radically from all nerve end structures hitherto
described and still more remarkably, it resembles the end systems detected by
impregnation in the sheep’ aortic arch. Essentially the end structure is a fairly
dense and extensive loose coil, with some fibres terminating here and there in
delicate end rings or smaller elliptic neurofibrillar end plates (Fig. 91).
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Fig. 90. Sus scrofa domestica. Heart; nerve end organ in the left atrial endo-

cardium. (a) Main branch; (b) lateral branch; (c) neurofibrils; (d) varix; (e)

end branch; (f) neurofibrillar end plate. Jabonero’s method. Microscopic mag-
nification 600X, reduced photographically to %
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Fig. 91. Ovis aries. Heart; sensory nerve end system in the left atrial endo-

cardium. (a) Connective tissue; (b) nucleus of the connective tissue cell; (c)

thick nerve fibre; (d) thin nerve fibre; (e) nerve ending. Bielschowsky—Abra-

ham’s method, Microscopic magnification 000X> reduced photographically
to
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Calf (Bos taurus)

The endocardium of the atria is very rich in nerve endings. We do not claim to
have succeeded in detecting all sorts of the nerve end structures occurring in this
tissue, yet we believe, we have impregnated most of them in in toto preparations of
the endocardial membrane. A survey of these end formations revealed two fairly
well-distinguishable types.

Into the first type may be classified the structurally loose nerve endings. These
are constituted by the associated ramifications of several thick fibres. The thick
fibres run an undulating path, forming here and there elongate thick varices. Their
descent is characterized by frequent broadenings, markedly fibrillar structures and
narrowings. The thick fibres branch off subsequently several times. As a rule,
ramifications are dichotomic. The end fibres are particularly delicate and terminate
in end plates of varying dimensions, some exhibiting a clearly neurofibrillar struc-
ture. These forms are infrequent, being present mostly in the right atrial endo-
cardium (Fig. 92).

Into the second type may be classified the structurally more dense nerve end
systems of different morphology. Some of them contain terminal fibres of particular
structure. Some parts of these fibres are very thick, others again conspicuously
thin. The neurofibrils are clearly visible both in the thick and thin portions. The
thick fibres branch off subsequently several times and continue in more delicate
rami with well visible neurofibrils. Essentially the same applies to the end bran-
ches terminating in homogeneous or fibrillar end plates of varying dimensions.
The individual end plates are sharply bordered against each other and have
evidently no genetic nor special functional relationship with the connective tissue
cells of the basal tissue. Anastomoses are absent between the terminal branches
(Fig. 93).

To the second group of structurally more dense end systems belong the elon-
gate plexuses with extensively interwoven branch systems along a single thick
nerve fibre. Here, too, the main branch is fibrillar, the side branches being
delicate, irregularly varicose and undulating. The number of end fibres is remark-
ably high. The end structures are small, elongate or roundish neurofibrillar
plates.

In the dense end structures fibres and end plates are sometimes so numerous
that hardly anything else is seen in the preparations. Such end structures are
actually end systems of one thick fibre each of which, however, becomes associated
with end systems of other thick fibres. On the thick fibres the myeline sheath,
above it the neurilemma and its nuclei are clearly visible. The markedly varicose
branches which arise by ramification show varying diameters. Like depressor
fibres, these thick fibres are also characterized by yielding branches superior to the
main fibre in thickness. In the descent of secondary and terminal branches numer-
ous intermediary neurofibrillar plates are apparent. The end plates are large and
as with those seen inthe aortic arch and carotid sinus they are of ivy-leaf-like, or
angular shape. Owing to the rich branchings, there are numerous end plates. The
plates being large, they presumably render the respective region of the atrial wall
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Fig. 92. Bos taurus. Heart; sensory nerve end system in the right atrial endo-
cardium. (a) Connective tissue; (b) nucleus of the connective tissue cell; (c)
nerve fibres; (d) neurofibrils; (e) nerve end plates. Bielschowsky—Abraham’s
method. Microscopic magnification 400 X, reduced photographically to
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Fig. 93. Bos taurus. Heart; sensory nerve end system in the right atrial endo-

cardium. (a) Nerve fibre; (b) varix; (c) neurofibrils; (d) neurofibrillarintermedi-

ary plate. Bielschowsky—Abraham’ method. Microscopic magnification
800 X, reduced photographically to y2

particularly sensitive. Nerve endings of similar type were also found in the right
atrial endocardium (Fig. 94).

The dense-type end structures may sometimes exhibit flower-like patterns. As a
rule, such endings are infrequent. In the calf they are present in the right atrial
endocardium. Of all end systems these patterns exhibit the most readily surveyable
structure. Also, they give a clear picture of the endings of vagal myelinated fibres.
The thick, markedly varicose myelinated fibre divides into three well-distinguish-
able branches similarly to the depressor fibres. Two of the branches have been torn
the path and end structure ofthe third can be well pursued in the preparation, but
over a certain distance this branch, too, is accompanied by a thick myelin sheath
in which also the neurilemmal nuclei are clearly recognizable. The fibre, whose
axon carries varices of variable shapes and dimensions, thickens and towards its
end continues in sphere-like structures in which arise two thin myelinated side

branches. The branches, carrying alternately elongate and angular varices, diverge
from each other, bend in an arc-like fashion and after a longer or shorter path both
continue in rich but easily defined end systems. These systems are characterized
by the thick fibres’ sudden branching. The rami thus arisen branch off again and
the terminal branches among which intermediary neurofibrillar plates areapparent,
continue in larger neurofibrillar end plates. The latter are sometimes angular,
sometimes tapering but in every case well defined and sharply bordered against
the connective tissue. The easily defined structures of these nerve end systems
render them particularly suitable for a precise examination of the connection
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Fig. 94. Bos taurus. Sensory nerve end system in the left atrial endocardium,
(a) Connective tissue; (b) nucleus of the connective tissue cell; (c) smooth
muscle cell; (d) nucleus ofthe smooth muscle cell; (e)axon; (f) myelin sheath;
(g) Schwann’s nucleus; (h) neurofibrils; (i) neurofibrillar intermediary plate;
(i) neurofibrillar end plate. Bielschowsky-Abrahdm’s method. Microscopic
magnification 600 X, reduced photographically to %

between sensory endings and the basal tissue. In this context the reticulum and
the special cells present an important problem.

The complete absence of anastomoses between the thick as well as the thin
fibres of the reticulum has been definitely demonstrable. Hence no such re-
ticulum does actually exist. Also, there is no anastomosis, or any other kind of
conjugation, between the neurofibrillar end plates either. Thus the system is
independent as a whole and so is each of its constituents. The existence of
specialized connective tissue cells may be excluded as well. End plates are
attached to the connective tissue wherever they are, thus no specialized connec-
tive tissue cells exist (Fig. 95, Plate 1V/a, p. 244).
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Fig. 95. Bos taurus. Nerve end organ in the endocardium of the right atrium,

(a) Connective tissue; (b) nucleus of the connective tissue cell; (c) axon; (d)

myelin sheath; (e)varix; (fymain fibre; (g) lateral branch; (h) terminalbranch;

(i) neurofibrillar end plate. Jabonero’s method. Microscopie magnification
400 X, reduced photographically to y2

PHYLOGENETIC ASPECTS OF RECEPTORS

A closer study of receptors in the hearts of vertebrates permits some interesting
conclusions. In all vertebrates, both epicardium and endocardium contain rich
nerve plexuses in which thick fibres and special dendritic branchings occur often.
These branches are relatively well distinguishable in preparations obtained from
the fish heart. Impregnated preparations show, particularly in the carp’s epicardium,

loose plexuses which, judging by their positions, are very likely sensory plexuses.
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Unfortunately, as yet we have failed to reveal nerve endings in these plexuses,
thus there has been no unequivocal evidence for their sensory nature. However,
in view of their locations and other features, we have tentatively considered these
plexuses and dendritic branchings as cardiac receptors, both in the epi- and endo-
cardium.

In amphibia, the receptor nature of epicardial plexuses could be shown in the
water frog. In that animal, after bilateral vagotomy, impregnation has revealed
well-defined end rings on some of the terminal fibres of the plexuses in question.
These nerve pictures, whose like was often seen also in the atrial endocardium and
adventitia of the heart bulb, indicate that in amphibia afferents terminate,
similarly to effectors, in end rings. Sensory end structures resembling the receptors
of mammals were absent both in fishes and amphibia.

In the heart of Sauropsida, including both reptiles and birds, impregnation
revealed plexuses both in the epi- and endocardium but no end rings were apparent.
Naturally, this does not imply the absence of end rings inside the plexuses and we
actually suppose their presence, yet have failed to demonstrate them in reptiles
and birds alike. It should be noted that in a single case the impregnated prepara-
tion from a bird had shown a narrow lamella-like nerve ending which structurally
appeared to he a receptor. Anyhow, we suppose or rather claim the presence of
end rings and similar terminal structures also in birds. But the types of terminal
structures seen in masses in the mammalian heart are evidently absent from the
avian heart. This is indicated by several hundreds of preparations prepared in this
laboratory by different methods from the epicardium and endocardium of various
avian species. This fact appeared to be remarkable not only from a morphological
and physiological point of view, but also as a general phylogenetical problem.
It seems to he difficult to explain the sudden unprecedented appearance of highly
differentiated end structures in the heart of mammals. The absence of end struc-
tures in the avian heart appears to he the more surprising, as these animals represent
already a high evolutionary level and their hearts have to meet particularly high
requirements. We are completely ignorant as to the possible answers concerning the
problem of how a highly complicated structure like the cardiac interoceptor could
appear unprecedented without any intermediary forms or phylogenetic continuity.
The phylogenesis of mammals has been more or less known to follow a line separat-
ed from that of birds, nevertheless this fact fails to offer a solution for the problem.
Interoceptors reminiscent of those in the mammalian heart are absent also from
the hearts of reptiles. The high number and the variable forms of receptors
present in the mammalian heart suggest a very intimate connection of this organ
with the central nervous system. These types of interconnections are apparently
missing from the avian heart. This difference is difficult to explain as the avian
heart is known to be exposed to very remarkable functional labour. Thus, cardiac
receptors appear to present a problem inexplicable on a mere phylogenetic basis.
The discontinuity in the evolution of cardiac receptors has so far remained an
unfilled gap of our knowledge.
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ORIGIN OF THE INTRACAKDIAL NERVE FIBRES

Investigators of the microscopic innervation of the heart’s individual layers are
frequently confronted with the problem of detecting the precise relationship of the
individual cardiac nerves to the fibres connecting a given layer with the central
nervous system. To settle this question as satisfactorily as we can, we shall discuss
the efferent and afferent cardiac nerve fibres separately.

Efferent Fibres

As already outlined previously, intracardiac nerve fibres belong partly to the
vagus, partly to the sympathetic and partly to the intracardiac ganglia. Fibres
originating in intracardial ganglia naturally serve for supplying the myocardial
nerve elements, thus only the role of central vagal and sympathetic fibres remains
to be clarified.

On the basis of literary data and of our own experience, the role of central
vagal fibres in the heart’s innervation appears to be as follows. Central vagal
and sensory fibres enter together the extracardial plexuses and pass through
the coronary plexuses into the heart wall. There they end in the cardiac gan-
glia as preganglionic fibres. This is indicated also by impregnated preparations
from normal heart, yet a firm proof is yielded by heart preparations obtained
after vagotomy. Pictures of the hearts of vagotomized mammals show dege-
nerated fibres inside the ganglia (Fig. 96). Thus these fibres evidently belong
to the vagal fibre system. The preparations also show, however, that some of
these fibres terminate on the nerve cells as terminal rings or bulbs. In some
cases even a distinct excavation was seen on the cell’s surface at the site of
the end ring’s or end bulb’s location. Apparently, vagal fibres reach only
to the ganglia, terminate therein and synapse with the ganglion cells. This
interpretation seems to be thoroughly feasible, though not quite convincing as
in fact the number of nerve endings detected on the ganglial cells is relative-
ly too low to account for the entire orbit of vagal effects. This may be ex-
plained either by incomplete impregnation or, on the other hand, by suppos-
ing that a substantial number of efferent vagal fibres passes through the
ganglia. Further to this the assumption must not be excluded either that by
this route a large number of vagal fibres conjugate directly with the myocardial
elements.

The problem of the descents and terminations of sympathetic fibres is less
intricate, hence also less interesting, but none the less of substantial importance
as they are responsible for the conduction of a part of central impulses to the heart
muscle fibres. Part of the sympathetic fibres serves the innervation of the intra-
cardial vessels’ walls, part of them go to the myocardial muscle fibres. Thus they
are intermingled with the entire heart wall, forming on the striated muscle fibres
delicate end plexuses whose single terminal fibres end supposedly on, or in, the
muscle fibres.
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Fig. 96. Felis domestica. Nerve plexus in the atrial septum, 72 hr after bilate-

ral vagotomy, (a) Nerve cell; (b) nerve bundle; (c) degenerating preganglionic

fibre; (d) synapsis. Bielschowsky-Abraham’s method. Microscopic magnifi-
cation 600 X, reduced photographically to %

Afferent Fibres

Most of the afferent fibres belong to the vagal sensory system. Experimental
vagotomy indicated that bilateral vagus section results in degeneration of the
majority of sensory systems in the epicardium as well as in the endocardium of
both the atria and ventricles. This was readily demonstrable in the cat. Yet some
sensory endings did not degenerate even after bilateral vagotomy. Thus it was
assumed that part of the receptors originate in the first interspinal ganglia rather
than in the vagus. This was supported by our vagus section experiments in cats as
well as by the results of Chabarova in cats and goats. She found in these animals
that after the section of the first four thoracic nerves part of the sensory fibres
degenerated. This experiment presented a fair proof of the fact that cardiac
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receptors, i.e. afferent fibres, originated from two systems, viz. the vagal nerve
and the first four thoracic interspinal ganglia. It warrants further careful and
systematic study to decide which of the above described sensory end apparatuses
belong to the vagal and which to the thoracic interspinal ganglial fibre systems.
No particular difficulties are possibly involved, as well defined types have already
been distinguished among the end apparatuses.

GANGLIA

Relatively numerous ganglia of varying size are present in the heart wall,
namely in the atrial regions. These ganglia are the heart wall’s vegetative centres
with some, probably independent, functions. Their main role is, though, to serve
the impulse conduction through the pre- and postganglionic fibres to the effector
organ.

In mammals, the arrangement of ganglia is less regular and characteristic than
in lower vertebrates, yet the larger groups of ganglion cells are present in the
former in about the same regions as in the frog. Ganglia are found in particularly
large numbers in the epicardium at the origin of the upper and lower venae cavae.
Some ganglia are present also in the left atrial epicardium, along the left and right
coronary arteries as well as in the walls of the coronary sulcus and coronary sinus.
Further to this, there are ganglia in the sinoatrial node, at the origin of His” bundle,
and in the atrial and ventricular septa as well. Nerve cells are present in the atrio-
ventricular sulcus as well as in the upper parts of the ventricles. Francillon has
supposed that in the human heart, ganglia located along the pulmonary artery’s
origin and around the coronary sulcus are analogous with the Bidder ganglion,
those along the terminal sulcus and left atrial wall with the Remak ganglion and
those in the atrial septum with the Ludwig ganglion.

The dimensions of cardiac ganglia are variable. In general, they are large at the
orifice of large veins, in the atrial septum and in the wall of the coronary sinus.
The same applies to ganglia located along the coronary arteries and especially to
those surrounding the initial portion of His’ bundle (Fig. 97). Nerve cells are
multipolar and most of them belong to Dogiel’s type 1. This implies that they
extend a single long process over a long distance, their other processes being short
and ending close to the cell, forming as a rule an end knot or a neurofibrillar plate

Structurally, the heart’s ganglia are generally loose. Most of the fibres are
afferent, being mostly conspicuously thick. Both entering and leaving fibres are
arranged in larger bundles, comprising beside thin hair-tress-like fibre groups also
some undulating, sometimes markedly winding thick fibres. Occasionally, pre-
ganglionic fibres are seen to reach the cells forming all kinds of end structures
around them. The close but readily surveyed connection of preganglionic fibres
with nearly all ganglion cells has been particularly apparent in tangential sections
prepared from the right atrium of the mole’s heart (Fig. 98, Plate Il/b, p. 63).

Both in man and animals, some cells of peculiar morphology have been observed
which may be degenerated forms as well as species or organ specific features.
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Fig. 97. Homo. Ganglionin the wall of the sinus coronarius cordis, (a) Con-
nective tissue; (b) nucleus of the connective tissue cell; (c) precapillary artery;
(d) nerve cell; (e) nucleus of the nerve cell; (f) process of the nerve cell; (g)
specialized nerve cell; (h) nerve bundle. Bielschowsky-Gros-Cauna’s method.
Microscopic magnification 300X, reduced photographically to %
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Fig.98. Talpa europaea. Heart; ganglion in the epicardium of the right atrium,

(a) Connective tissue; (b) nucleus of the connective tissue cell; (e) capillary;

(d) nerve bundle; (e) nerve cell; (f) nucleus of nerve cell; (g) end knob; (h)

pericellular plexus. Bielschowsky-Gros’ method. Microscopic magnification
600X, reduced photographically to %

Special cell forms were found around the Aschoff-Tawara nodule in the pig’s heart.
In some of them, dendrites are replaced by giant plates linked by thin proto-
plasmic threads with the cell’s body. Essentially these cells are Dogiel type | cells
which, irrespective of their peculiar morphology, show all essential characters of
the neuron. Naturally, in some particular cell forms the neuronal character is not
apparent, yet in nearly every case the nucleus is eccentric, which is an important
feature of this cell type. A further characteristic is constituted by the fact that in
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Fig.99. Sus scrofa domestica. Specialized nerve cell in the right ventricular epi-

cardium. (a) Cell body; (b) nucleus; (c) nucleolus; (d) cell process; (e) neuro-

fibrils. Jabonero’s method. Microscopic magnification 800X, reduced photo-
graphically to y2
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Fig. 100. Fiber zibethicus. Heart; nerve plexus in the right atrial epicardium,

(a) Connective tissue; (b) nucleus of the connective tissue cell; (c) nerve cell;

(d) nerve cell process; (e) nerve bundle; (f) thick nerve fibre; (g) thin nerve

fibre. Bielschowsky-Gros’ method. Microscopic magnification 800 X ,reduced
photographically to %

some cells, similar to the cytoplasm, the nucleus also elongates markedly in a
given direction and on this side of the nucleus the nuclear membrane is hardly
visible (Fig. 99). In other cases, dendrites exiting from the cells are so bulky that
they might well be regarded as independent cells. Again, in other cases they may
pass over a long distance, forming beads of varying sizes and cell-like struc-
tures, terminating finally in peculiar end structures lacking the typical intra-
dendritic elements.

Special cell forms were detected in large masses also in the musk-rat’s right atrial
epicardium, near to the orifices of the venae cavae. These cells were not arranged
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in ganglia but occurred singly within the large epicardial plexuses. It is of interest
that in the preparations not a single cell showed a normal sympathetic cell mor-
phology. Generally, the dendrites were disproportionally thin compared with those
in the pig. The processes, likely to be considered neuntes owing to their shapes and

origins, were markedly thick, shapeless and, in association with the plexus’ fibres,
extended over a long distance from the cell (Fig. 100).

Special cell forms were seen in large masses also in human material, namely in
the coronary sinus wall of aged individuals. Most of these cells were ganglial
elements characterized mainly by the thickness, unusual position and conjugation
of their processes. Another uncommon phenomenon has been the presence of beads,
thickenings, branchings and confluences present on the processes along their whole
pathway (Fig. 101). These cells, too, exhibited lattice formation but in the myo-
cardial layer of the coronary sinus’ wall dendrites of single cells were also seen to
extend over a long distance from the cell prior to melting together. Thus here, too,
a lattice formation took place, characterized by the presence of large lamella-like
cytoplasmic thickenings, end bulbs and elongate beads on the processes (Fig. 102).

No similar intercellular connections were ever observed between cells located
along a nerve’s path. In this context we are faced with the recently widelydiscussed
problem of continuity in vegetative nervous function. The problem has two
aspects: whether or not a connection does exist between the individual ganglial
cells and if it does, what is its nature and in what way the preganglionic fibres
entering the ganglia are connected with the latter’s cells.

As to the first question, an intimate connection between the individual ganglial
cells has been postulated by some investigators. Two forms of connections have
been described, viz. the cytoplasmic confluence and the dendritic continuity. The
former is interpreted as the direct continuation of one cell’s cytoplasm in that of
the other’s. Dendritic continuity means direct confluence of one cell’s dendrite

with that of the other. Cytoplasmic confluence was described by Greving in certain
ganglia of the gastrointestinal system, while dendritic continuity was claimed by
Hachiro Seto to occur in the human heart wall. Yet we are bound to disagree
with these authors as, in our vast neurohistological experience including most
groups of invertebrates and all groups of vertebrates, we failed to detect even a
single proof for either form of continuity. Undoubtedly, on superficial observation,
some less successful preparations may give the impression of such a continuity.
But in every case, such judgements appear to be misinterpretations of the actual
conditions. Without questioning the value of the studies of Hachiro Seto on the
innervation of the human heart, | take an opposite position stating that con-
tinuity between the cells of the heart wall ganglia is nonexistent.

Our studies indicate the synaptic nature of the connection between the dendrites
of ganglial cells. The same applies to preganglionic fibres as revealed by the de-
generation phenomena observed after vagotomy. Two types of synapses may be
distinguished here also, viz. synapses of small and large transmission area (Kirsche).
Into the first group are classified the nerve end bulbs, rings and clubs.

In mammals, synapses of small transmission area are well defined and easily
surveyable in preparations obtained after vagotomy. The fate of preganglionic
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Fig. 101. Homo. Specialized nerve cell in the wall of the coronary sinus, (a)

Nerve cell; (b) window; (c) process of nerve cell; (d) varix; (e) end plate. Biel-

schowsky-Gros—€auna’s method. Microscopic magnification 800X, reduced
photographically to y2



168

INNERVATION OF THE HEART AND BLOOD VESSELS

Fig. 102. Homo. Special nerve cell in the wall of the coronary sinus, (a) Nerve
cell; (b) window; (c) cell process; (d) dendrite plate; (e) end knob; (f) striated
muscle fibre; (g) nucleus of striated muscle fibre; (h) connective tissue; (i)
nucleus of connective tissue cell. Bielschowsky-Gros-Cauna’s method.
Microscopic magnification 800 X» reduced photographically to %
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Fig. 103. Felis domestica. Heart; ganglion cells and synapses in the right

atrial epicardium. Bilateral vagotomy (48 hr after left and 24 hr after right

vagus cut), (a) Connective tissue; (b) nerve bundle; (c) nerve fibre; (d) nerve

cell; (e) nucleus of nerve cell; (f) varix; (g) synapsis. Jabonero’smethod. Micro-
scopic magnification 1350X, reduced photographically to %

fibres may be followed up in preparations made at different intervals after
vagus incision. Lawrentiew, the father of experimental neurohistology, observed
under such conditions degenerating preganglionic fibres in the ganglia and on the
nerve cells, and—with proper timing—the synapses could also be rendered
visible. We, too, often saw synapses of small transmission area in bilaterally vago-
tomized cats. In the majority of cases these synapses were small compact end
bulbs or slightly elongate end rings, located inside the nerve cells (Fig. 103).
Fairly often we saw the nerve fibres’ ends inserted in a small indentation on the
cell’s surface. In the non-vagotomized mole, characteristic synapses of small
transmission area were seen in ganglia of the right atrial region. They were smaller
or larger end bulbs, seen either on or among the cells. The fact that in most cases
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Fig. 104. Talpa europaea. Heart; pericellular plexus in the right atrial epicar-
dium. (a) Connective tissue; (b) nucleus of connective tissue cell; (c) nerve
bundle; (d) thick nerve fibre; (e) thin nerve fibre; (f) nerve cell; (g) pericellular
plexus; (h) preganglionic fibre. Bielschowsky—&ros’ method. Microscopic
magnification 1500 X ,reduced photographically to %

the connection between the end bulb and the nerve fibre is easily visible, serves as
a proof for the true synaptic nature of these structures.

Beautiful and convincing pictures of synapses of large transmission area, appear-
ing in the form of pericellular baskets and plexuses, were impregnated in the right
atrium of the mole’s heart. The absence of genetic relationship between the ap-
proaching fibre and the nerve cell was obvious in every case. The thick guest
fibre was seen to arrive at the cell in its original form and to surround it precisely
without branching like a playball placed in a string bag (Fig. 104).
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Fie. 105. Talpa europaea. Nerve plexus in the right atrial epicardium, (a)
Connective tissue; (b) nucleus of the connective tissue cell; (c) nerve bundle;
(d) thick nerve fibre; (e) thin nerve fibre; (f) nerve cell; (g) process of nerve
cell; (h) pericellular plexus; (i) preganglionic fibre. Bielschowsky-Abrahdam’s
method. Microscopic magnification 1500X, reduced photographically to %

In some cases the preganglionic fibre does not branch off even on the cell’s
surface, neither does it become narrower. In other cases it narrows, then broadens
again and terminates in a neurofibrillar plate. In a third case, thick fibres, assuming
deep black hue on impregnation, are winding around the cell, embracing it nearly
completely. These fibres are accompanied by thin, poorly impregnated ones. Near
to them, an undulating thick fibre arrives at the cell surface, surrounding it almost
entirely (Fig. 105).

This picture, and also the former are so clear and convincing that they ab ovo
exclude even the faintest suspicion of accident or irregularity. These pictures are
the more persuasive as they show hardly any cells not surrounded by some kind
of nerve fibre plexus and whose connection with a fibre sent from distant systems
should not he clearly visible.
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Fig. 106. Lepus cuniculus. Nerve plexus in the pericardium, (a) Connective

tissue; (b) connective tissue fibres; (c) nucleus of connective tissue cell; (d)

nerve bundle; (e) nerve fibre; (f) nerve plexus; (g) point of branching. Biel-

schowsky—Abrahdm’s method. Microscopic magnification 120X, reduced
photographically to %

VALVES

Studies hitherto performed have shown the richness of nerve supply in both the
atrioventricular valves and those closing the orifices of the large arterial trunks.
Workers interested in the study of the innervation of the mammalian heart’s
valves are apparently often inclined to declare the presence of true reticula beside
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the nerve plexuses. Our preparations do not support this observation. Also sensory
nerve endings have been described in addition to the plexuses; they are sup-

posed to be baroreceptors in the valves of the mammalian heart. Xo such
endings were found by us.

PERICARDIUM

The pericardium is innervated by the phrenic nerve and the sympathicus. Nerve
fibres form plexuses in different parts of the pericardium. These plexuses comprise
beside the smooth-edged thin fibres also some thick myelinated ones.

The pericardium is very difficult to impregnate. Up to now we have succeeded
in impregnating only the rabbit’s pericardium. In this tissue larger masses of
nerve fibres were found mainly near to the atrial orifices of large veins. Here we
observed the presence of rich plexuses comprising thick as well as very delicate
fibres (Fig. 106). The former belong most probably to the phrenic nerve, while the
latter to the sympathetic nerve system. Plexuses are in some places loose and in
others dense. Single fibres were often seen to exit from the plexuses and run along
a path which was easily followed. No sensory nerve endings were encountered in
the pericardium.
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HISTORICAL

Nearty 160 years have passed since Samuel Luca in his paper entitled Quaedam
observationes anatomicae circa nervos arterias adeuntes et comitantes, published in
Frankfurt, had reported the important observation that from the nerve trunks
rami pass to the arteries, some of them ending in the periarterial connective tissue
and others in the vessels’ muscle layer. This discovery was of substantial im-
portance from the anatomical, physiological, pathological and pharmacological
point of view. Luca noted that “unterscheiden sich diese den Arterien eigen-
timlichen Nerven schon durch ihre dussere Gestalt. Sie sind diinner, cylindrisch,
schwer vom Zellgewebe zu unterscheiden, durchbohren das Zellgewebe der Arterie
schrag und gehen geradeswegs auf ihre Muskelhaut zu. Hier werden sie halb durch-

sichtig, breiten sich aus und legen sich in der Gestalt einer zarten Membran auf die

Muskelhaut der Arterie.” * Later on he noted that “Je jinger die Menschen sind,
desto hdufiger sind die eigentimlichen Nerven der Arterien, die zu ihrer Muskel-
haut gehn; mit dem zunehmenden Alter werden sie weniger, so wie die Gefasse
der Gefasse in ihnen weniger werden. Damit ist eine Abnahme des bildenden, wie
des thierischen Lebensproeesses verbunden.”**

Some years later Goering published his Dissertatio inauquralis anatomica-
physiologica de nervis vasa praecipue extremitatum adeuntibus, in which he stated
“Ego in hanc tunicam (i.e. muscularis) nervulos sese immergere non vidi, sed
tenues nervulos arteriis se affigentes observavi, quorum cylindri primitivi (Fontana)
radiatim tunicae muscularis adhaerentes, in ejus superficie terminantur ita, ut
eorum actio in vasanon possit negari.”*** Thisserved as final proof ofthe important
fact that nerves enter the vessel walls, their function being consequently controlled
by the nervous system. Nevertheless, already these first two descriptions show an
obvious inconsistency concerning the presence or absence of nerve fibres in the
tunica media. This controversy has continued many decades as reflected by Busch’s

* .. the nerves associated with arteries are distinguishable already by their appear-
ance. They are thinner, cylindrical in shape and difficult to discern against the tissue,
cross the arterial tissue transversely and goright to its muscular layer. Therein they become
semi-transparent, broaden and spread in the form of a delicate membrane over the artery’s
muscular layer.”

** “The younger the human being, the higher is the number of the arterial nerves going
to the arteries’ muscular layer; with advancing age their number decreases like that of
the vasa vasorum. This is associated with the decrease of creative process as well as of the
animal’s vital process.”

*** “] did not see nerve fibres penetrate into that layer (i.e. muscular), but | saw
fine nerve fibres passing to the arteries and end in the muscular layer’s surface by radially
adhering ‘primitive cylinders’ (Fontana) in a way that excluded the denial of their action
on the vessel.”

174
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statement (1929): . a few investigators think that the muscularis of the blood
vessels perhaps does not contain any nerves at all, others are of the opinion that
innervation takes place through peripheral nerve-nets, which may either be quite
closed and extracellular or may give off branches which end in free terminations
external of the muscle cell; and still other workers assert definitely that every
single smooth muscle cell has an intracellular, intranuclear nerve-ending.” In 1948
Millen still noted that “anatomical descriptions of the pattern of vascular innerva-
tion have been very conflicting”. The same applies to vascular physiology although
the investigations of Langley (1921) and Bayliss (1923), as well as observations

made with Leriche’s (1914) periarterial neurectomy have contributed many
valuable data.

The conflicts anti errors of anatomical descriptions result from the fact that by
gross dissection, connective tissue bundles and fibres may be easily mistaken for
nerves. This accounts for the contradictory observations made by numerous authors
having performed careful dissections on the basis of Leriche’s (1914) and Bri-
ning’s (1925) studies after sympathectomy. Thus their observations were mislead-
ing, not revealing the actual conditions.

The clarification of the origin of nerve plexuses seen occasionally even macro-
scopically in the adventitia was approached by the anatomical dissection methods
by Kramer (1914). Potts (1915). Laubman (1924), Bergglas (1925). Hirsch (1925),
Hahn and Hunczek (1925), and Braeucker (1927). Yet, owing to the difficulties
outlined above, these examinations were not reliable enough as evidence was
lacking whether a bundle in question had been actually a nerve or simply a con-
nective tissue bundle. In this respect, staining of the macroscopic nerve plexuses
as proposed by Worobiew (1925) and Kondratieff (192(5) has been a great step
forward. These authors elaborated an elective staining method for macroscopic
nerves and their branchings. With this method, first Ljetnik (1925) made observa-
tions superior to all previous findings. Ljetnik and some other investigators reveal-
ed that of the nerves entering the vascular walls some are of craniocerebral, others
of cerebrospinal, and again others of sympathetic origin. It was also found that
the nerves giving off branches to the vessels” walls pass along the vessels at
quite a small distance from their walls. The same branches deliver numerous minor
rami to the periadventitia where they form plexuses. The latter anastomose with
the adventitial plexuses. From the periadventitial tissue nerve branches go to the
vessel wall at right angles, dividing it into segments. Fibre bundles entering the
vascular wall pass in a longitudinal direction along the outer margin of the
adventitia and run further on unparallel with the vessel’s longitudinal axis.

With vessels, segmental innervation may be considered general, but according
to Leriche (1943), there are also long sympathetic paths accompanying the arteries
along their whole, or at least the greater part of their length. Clinicians and
physiologists (Rein, Rieder, Busch. Kdppis, Schief, Langley, Wiedehopf, Machus
and Melichow) deny the existence of long efferent paths attributing the leading-
role to segmental innervation. Of the surgeons, Briining and Stahl inclined to a
compromise, whereas Gask and Ross (1934) took a guarded position. In my
opinion, beside the segmental nerve fibre bundles the long paths also play a role
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in vascular innervation and very likely the sympathetic supply accompanies the
arteries as far as the capillaries. The possibility that peripherally the vessels are
innervated exclusively by cerebrospinal fibres may also be considered. It is not
certain either, whether the nerve fibres passing in the adventitia serve exclusively
for the innervation of the vessel wall, as they often give off branches to the sur-
rounding connective tissue. As noted by Stohr, some of the nerve fibres seem to
use the vessel wall only as a “temporary hiding place”. These are details which
have no bearing on the essential fact that vascular nerve supplies are almost
inextricably interwoven with the peripheral nervous system.

As is the case with the macroscopic innervation of the vessels, much remains
to be clarified also in their microscopic innervation. Namely the nerve connections

in the tunica media warrant further investigation, although they have been

extensively studied both by anatomists and histologists. Already Remak (1844)
and Purkinje (1854) had noted that there are nerve fibres passing inside the
vessel wall, but the circumstance that they actually enter the vessel wall was
clarified by Koelliker (1854). The same was stated later on by His (1863) and also
by Lehman (1864).

In a paper published at the middle of the past century, Beale (1864) noted that
“not only are nerve-fibres distributed in considerable number upon the external
surface of the artery, ramifying in the connective tissue, but I have also followed
the fibres among the circular fibres of the arterial coat. . . . These nerves invariably
form networks with meshes”. The observations of Beale were confirmed by Ciaccio
(1864), who wrote: “. . . the capillaries of the skin of the frog are largely supplied
with nerves. In the finest arteries and the largest capillaries the nerve fibres run

parallel and close by them, but in the finest ones, the nerve-fibres after running
with them some distance, generally cross them and pass from one capillary to
another. The nerve-fibres distributed to all capillaries are in connection with one
another, so that they form a lax plexus, which lies on different planes”.

During his studies on the mesentery of frogs Lippmann (1869) found that
myelinated and non-myelinated nerve fibres go to the vessels, forming a “relativ
weitmaschiges Netzwerk rings um das Geféassrohr (Primérplexus)”,* from which
0-006-0-008 mm thick fibres go to the vessel walls to form a network(plexus) in
their adventitia. Lippmann noted that in the muscular tunica, nerve fibres run
parallel with the muscle cells’ longitudinal axis, then form a plexus which gives
off terminal fibres to the muscle cells’ nuclei.

Arnold (1871) gave a detailed description of the vessel wall’s microscopic
innervation, also noting that the terminal nerve rami are in connection with the
muscle cells’ nuclei.

In his treatise entitled Traité technique d’Histologie, Ranvier (1889) gave the
following description of vascular innervation: “...un premier plexus & mailles
larges et inegales, plexus fondamental. Puis, a la surface externe de la tunique
musculaire, ils se resolvent en un plexus a mailles étroites et assez régulieres,
plexus intermédiaire, qui jadis a été assez bien décrit par His d’apres des pré-

“relatively large-mesh network around the vessel tube (primary plexus)”.
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parations a l’acide acétique, et qui cet auteur a pris pour un réseau terminal.
Le vrai plexus terminal ou plexus intramusculaire est forme de fibres beaucoup
plus fines, qui se dégagent du plexus intermédiaire et qui trés probablement four-
nissent des taches motrices aux cellules contractiles de la tunique musculaire.”*

On the basis of examinations carried out on lizards, Bremer (1872) described
three nerve nets in the wall of small arteries, one in the tunica adventitia, one in
the intermediary zone and one in the tunica muscularis. He also noted that the
vascular nerves do not anastomose with the other peripheral nerves. “Ein Nerv,
der einmal an ein Geféss herangetreten ist, verlasst dasselbe nicht mehr.”**

A precise study of vascular innervation could be started only after the elabora-
tion of neurohistological staining methods with gold chloride, methylene blue and.
particularly, silver nitrate. In the hands ofthe versed neurohistologist, these tech-
niques proved to be adequate tools for rendering visible the fine structure of the
nervous system (Arnstein, 1887; Ramén y Cajal, 1891; Agababow. 1892; Ballowitz,
1894; Smirnow, 1895; Demoor and Heymans, 1895; Gad. 1895;Dogiel, 1898; Siehler.
1901; Kytmanoff, 1901; Leontowitsch. 1901; Lapinsky, 1905; Hoffmann, 1907;
Michailow, 1908; Glaser, 1913; Kramer and Todd. 1914; Hirsch, 1925; Fukutal e,
1925; Stohr, 1926). Nevertheless, in this context, too, we should like to emphasize
that making visible the vascular nervous system is still one of the most difficult
tasks of neurohistology.

Below we describe first the innervation of arteries, veins, arteriovenous anasto-
moses and capillaries, and secondly that of coronary arteries, intracardial, renal
and cerebral vessels.

ARTERIES (ARTERIAE)

The innervation of arteries is discussed on the basis of our examinations of
various avian and mammalian species and in man. As the material obtained from
these different sources has not shown notable differences, the results are discussed
generally according to the three histological layers of the vessel wall, which have
been uniformly found in all species examined. As our statements on the nerve
connections in the three layers are general, a mixed illustration material from all
the three fields has been presented without particular selection. In this sense,
further on we refer simply to the nerve connections of the tunica adventitia, tunica
media and tunica intima, without discussing the minor differences encountered in
the arteries of various origin.

[—

. a first plexus of large and unequal meshes, the basal plexus. Further, on the
external surface of the muscular layer they arborize to form a plexus of small and relatively
equal mesh, the intermediary plexus, having been quite correctly described by His on the
basis of acetic acid preparations and having been supposed by the same author to be the
final path. The true final plexus or intramuscular plexus is, however, formed by much finer
fibres branching off from the intermediary plexus and very probably supplying motoric
stimuli to the muscular layer’s contractile cells.”
** “A nerve, once having approached a vessel, never leaves it again.”
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Innervation of the Arteries

The nerve fibres innervating the arteries come from the connective tissue and
are of various thickness and origin. They branch off in the outward adventitial
layer, pass on in a longitudinal direction and inassociation with a varying number
ol fibres, form a loose plexus. The latter constitutes the outermost arterial plexus,
named by Woollard the adventitial plexus. Most of the fibres constituting the
plexus are sympathetic fibres without a myeline sheath, but in certain segments
of the arteries there are also nerve trunks, or bundles constituted almost entirely
by thick myelinated fibres. Beside them there are also some thick myelinated
fibres which descend separately either singly or in pairs, down to their terminal
branches.

Inward from the adventitial plexus between the adventitia and media there is
a second plexus named by Busch the interlamellary plexus. This, too, contains
some myelinated fibres but, apart from certain distinctly sensitive vessel portions,
their number is as a rule low.

The third plexus, whose fibres are—according to Millen—*present between
the smooth muscle cells”, is found inside the interlamellary plexus. The loca-
tion of the three plexuses is essentially similar in the large, medium and small
arteries, naturally with the difference that with thinner arterial wallsthe num-
ber of nerve fibres also decreases.

The three neurological layers were observed also by other investigators, among
them by Dogiel, the Russian expert on peripheral nerves, and by Stéhr, anatomist
and histologist in Bonn, who published several treatises on vascular innervation.
In his first publication on this topic, Stohr denied the presence of the third plexus
stating that were there a plexus in the media, large numbers of nerve fibres and
nerve endings should be present therein hut he found them definitely absent. Let
us quote from one of his papers: “In Hunderten von Praparaten habe ich nicht
eine Spur von Nerven in der Muscularis bemerkt, ganz selten sah ich einmal ein
vereinzeltes Faserchen sich von dem tiefen Adventitiaplexus nach der Media
hinabzweigen und selbst da war ich nicht ganz sicher, ob nicht ein Schrégschnitt
die Ursache der Erscheinung war.”* This statement of Stohr was opposed by the
experimental results of Busch, Wollard and Millen. As will be seen later on, 1, too,
support the latter concept, yet to compensate for Stéhr’s error | should like to
note here that under the microscope, the media quite frequently appears to be
nerve-free apart from some delicate fibres apparent on its adventitial surface.
Hence until recently, | considered the media nerve-free myself, interpreting its
function as dependent on the nerve connections on its outer surface, as stated by
Goering 152 years ago. Yet my recent examinations of the microscopic innerv-
ation of arterial portions from numerous humans, mammals, birds, reptiles,
amphibia and fishes convinced me that the media of certain arterial segments

* “In several hundreds of preparations | failed to detecteven the trace ofa nerve in the
muscularis. Quite infrequently | saw a single fibre going from the adventitial plexus to the
media and even then | was not quite sure whether the phenomenon was not due simply to
transverse sectioning.”
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contains rich nerve plexuses whose end fibres extend between the muscle cells.
Such segments include the coronary arteries of the calf and pig, the aorta of the
cat, fox, dog and badger as well as the vessels supplying the brain base, the splenic
and the renal arteries. In contrast, there are certain arterial portions or even entire
arteries which completely fit in with Stohr’s description in that no nerve fibres are
demonstrable in them with the available method. The feasibility of this inter-
pretation is supported by the fact that, for example, in the wall of the coronary
sinus the adventitial plexuses are always well impregnated, whilst nerve fibres in
the media remain without impregnation. Similar conditions have been observed
in the coronary arteries of the human heart, in the aorticarch and also elsewhere.

If there is, however, actually a nerve plexus in the media, one wonders what the
connection between the medial smooth muscle tissue and nerve fibres may be
like. This question was raised long ago but as yet no satisfactory answer has been
given. This is not surprising, considering the difficulties involved in the techniques
as well as in the objective evaluation of the microscopic pictures. This question
presents but one aspect of the much disputed problem of the smooth muscle’s
innervation, interpreted in several ways yet still inadequately clarified.

To throw a light on that complex problem, we have to revert to an earlier
concept based on the study of Golgi preparations, and postulating that between
the smooth muscle cells of the media, sympathetic fibres form a plexus from which
exit thin fibres to the muscle cells, terminating there epilemmally in spherical or
button-like free endings. This hypothesis was not accepted generally, another being
advanced stating that the end structures of the delicate terminal fibres end intra-
cellularly, near to the nucleus. Some workers have carried this theory still further,
noting that the intracellular nerve fibres divide into delicate terminal fibrils,
passing on in the muscle cell’s cytoplasm, then disappearing without any per-
ceivable border between fibrils and cytoplasm In the light of up-to-date neuro-
histology, the above interpretations appear to be unsupported, yet at the same
time we are bound to confess that still no definite conclusions could be drawn even
from our most successful preparations. Therefore, various explanations have been
offered both by morphologists and physiologists.

Marchand asserted the association of the nerve ending with the muscle cell and
postulated a neuromuscular system. Kroetz regarded the vegetative nervous sys-
tem and the effector organ as a functional unit, designating it as a vegetative end
apparatus. Brodie and Dixon termed the connections “neuromuscular linking
tissue”. Langley used several terms for the designation of the connection between
smooth muscle tissue and vegetative nerve system, e.g. “end apparatus”, “nerve
ending”, “myoneuronal connection site”, “neural region”, “receptive subtance”,
and others. These terms, too, reflect the uncertain attitudes of investigators in this
guestion. Therefore, most workers take pains to avoid the use of exact terms for
the neuromuscular connection in the smooth muscle region.

A clarification of the problem has been, at least partially, attempted recently
by different workers on the basis of extensive neurohistological studies. Agababow,
Boeke, Kolmer, Clark, Rossi, Kriimmel, Pines, Pinsky and Abraham examined
the smooth muscles of the eye, while Boeke those of the hair arrector muscles.
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Nerve connections of the smooth muscle elements of the spleen and cholecyst were
studied by Riegele and Harting, those of the bronchial muscles by Hayashi, of
the uterine tube by Beaufays, of the intestinal tract by Van Esveld, Hill. Lawren-
tiew, Reiser, Sunder-Plassmann, Kolossow and Sabussow, Kolossow and Poly-
karpowa, Lawrentiew and Borowskaya, Iwanow and Radostina, Abraham,
Schadabasch, Ottaviani, Boniventino and Stohr.

The results of the above examinations have been incongruent, yielding uncertain
and contradictory information concerning the descent and structure of fibres.
In fact, as end connections have not been quite clearly apparent even in the best
preparations and with optimal magnification, the interpretation of microscopic
pictures has largely allowed for subjective error. In view of these difficulties Stéhr
(1932), having studied the problem thoroughly for many years, ventured to offer
a solution in 1932 and still tries to defend his position although it has been a
matter of dispute ever since. In the muscular layer of the human caecal appendix,
Stohr and his co-worker Reiser detected with Bielschowsky’s method *“eine aus
feinsten, teilweise noch mit Kernen versehenen Nervenféaserehen bestehende, liber-
aus netzartige” formation* and described it as “nervises Terminalreticulum” **
claiming to have solved the problem of nerve end connections in the smooth
muscle.

Stohr reported the presence of terminal reticulum also in the media of arteries.
In the same publication he noted that “die Media fir den Nachweis nerviser
Elemente vielleicht infolge des ausserordentlich festen Zusammenhanges der glat-
ten Muskelfasern, vielleicht aus anderen nicht bekannten Griinden ein unglinstiges
Objekt zu sein scheint”.*** Yet, he claimed to have obtained, by very tenacious
work, preparations showing clearly “Eine dichte Elille feinster, gerade noch mit
Silber imprégnierbarer und nur bei starkster Vergrésserung hervortretenden Ner-
venfibrillen breitet sich auf der Muscularis aus und zwéngt sich gelegentlich
zwischen die glatten Muskelfasern hinein. Teilweise sind noch Schwannsche Kerne
vorhanden, teilweise fehlen sie vollig.”f Stohr claimed this particularly delicate
reticulum to be the terminal reticulum and as such the single nerve end formation
in the media, intima and adventitia alike.

According to Stokr’s concept, there is “ein untrennbarer Zusammenhang”j |
between the vascular nerves and the organs supplied by the vegetative nervous
system, involving not only the larger nerve trunks, bundles and fibres but also
the terminal reticulum, linking “die kleinsten Arterien mit den (brigen vegetativ

=« . .an entirely net-like formation consisting of most delicate, partly nucleated nerve
fibrils”.

** “nervous terminal reticulum™.

**% “ _ .the media seems to be inappropriate forthe’demonstration of nerve elements,

probably because of the extraordinarily close connection of smooth muscle fibres or for
some other unknown reasons”.

¥ .. a dense mass of most delicate nerve fibrils, just impregnable by silver and appar-
ent only at the highest magnification, to extend over the muscularis and enter between the
smooth muscle fibres here and there. In a part of these fibrils the Schwann cell nuclei were
still present, whereas in the rest they were absent”.

ft .. an inseparable connection”.
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innervierten Zellen des jeweiligen Organes zu einer, in nervdoser Beziehung un-
trennbaren hoheren funktionellen Einheit miteinander.”* In the sense Of
these considerations Stohr has expressed his conviction that “die vegetativen
Nervenfasern enden nicht “frei’, oder mit einer kleinen kopfférmigen Verdickung
an den einzelnen Zellen des Erfolgsorganes”** noting that “als periphere End-
formation unseres vegetativen Nervensystems kommt—ediglich das nervise,
teilweise noch kernhaltige Terminalreticulum in Betracht, eine syncytial gebaute
netzartige Konstruktion” .***

In the literature, Stohr’s theses were met with different responses. Some
workers supported, while others opposed them. For my part, | opposed them
from the beginning, having so commented first in a publication on the innervation
of the avian intestinal tract in 1936, as cited below: “...kann ich Stéhr nicht
beistimmen, weil ich einerseits selbst an den besten Praparaten das Terminal-
reticulum nicht zu entdecken vermochte und andererseits die feinen Fasern, die
nach ihm die Verbindungsglieder der Nervenendigungen seien, und von ihm
syncytiales Wabenwerk genannt werden, meiner Meinung nach keine Nerven son-
dern anderen Gewebsgruppen angehdrende feine Faserngebilde sind.”f

Stohr answered by questioning the adequacy of my technique, noting that it
does not provide for the impregnation of the finest nerve fibrils. Thus the terminal
reticulum theory again gained a wider field as Stohr himself and all neuro-
histologists trained in his institute have claimed to have found the same terminal
reticulum with the same impregnation technique again and again. Simultaneously
with my article appeared the criticism of Lawrentjew and Borowskaja (1936) soon
followed by that of Nonidez (1937). Lawrentjew and Borowskaja regarded the
terminal reticulum as artefact. Nonidez stated that the fine fibrils regarded as ter-
minal reticulum by Stéhr and his co-workers are simply argyrophilic fibres having
no relationship whatever with nerve fibres. In a study of arterial innervation,
I wrote the following in 1938: “Der Verlauf der Fasern ist an mancher Stelle so
wellig, dass sich die Wellen manchmal dermassen ndhern, dass ein an das Stohr-
Reisersche Terminalreticulum erinnerndes Bild zustande kommt. Das alles sehen
wir auf der rechten Seite der Abbildung sehr deutlich, dass aber dieses ein wahr-
haftes Terminalreticulum ware, kann ich nicht bestimmt behaupten, schon deshalb
nicht, weil solche Anastomosen, die das Hauptmerkmal des Reticulums bilden,
hier nicht anzutreffen sind, und an dem scheinbaren Netz gewahrt man, dass die

*** . th© smallest arteries with the rest of vegetatively innervated cells of a given
organ to a higher functional unit, inseparable in respect of innervation.”

** “yegetative nerve fibres do not end “freely’ or by a small head-like thickening on the
individual cells of the effector organ ...”

*x*« _ Theonly structure feasibly considered a peripheralend structure of our vegetative
nervous system is the partly still nucleated nervous terminal reticulum, a net-like structure
constituted by syncytia.”

I “...1 am in no position to agree with Stohr, on one hand because | failed to detect a
terminal reticulum even in the best preparations and, on the other hand, because the delicate
fibres, claimed by Stéhr to connect the nerve endings with each other and termed by him a
syncytial network, are in my opinion not nerves but fine fibres belonging to other tissue
groups.”
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Fasern ihre Selbstandigkeit beibehalten.”* The comments by Nonidez and myself
were refused by Stohr as follows: “In Abbildung 5, die gleichfalls einen Ausschnitt
aus der direkt auf der Media ruhenden, nervésen Fasermasse darstellt, verlaufen
nur wenige mittelstarke Nervenfasern im Gesichtsfeld: in ihrer Existenz bereits
das Resultat einer vollkommenen Imprégnierur]g des Nervengewebes erblicken zu
wollen, wie es etwa vor kurzem Nonidez und Abraham behauptet haben, scheint
mir nicht angangig. Denn eine gute Impragnierung lasst im Praparat weitere
wesentlich zartere Nervenelemente hervortreten.”** Yet, as will be seen later,
I consistently failed to detect a terminal reticulum in any of the several hundred
preparations surveyed.

Since further literary discussion seemed to be useless, in summer 1938 | visited
Stohr in Bonn to have a look at the preparations from which the published pictures
of the beautiful and at any rate interesting terminal reticula had been derived.

Stohr displayed readily all his preparations, showing in them with a specially high

magnification his favourite structure, the terminal reticulum. I observed the prep-
arations very thoroughly, yet I am bound to confess that | failed to detect
the terminal reticulum even in Stohr’s preparations and told him so. He did
not SEEM to be much surprised, as—he told—the recognition of the terminal
reticulum requires a certain fantasy. To which | replied that in my opinion such
questions should be decided as much without fantasy as possible!

After a survey of Stohr’s preparations, | showed him some of mine. In those
obtained from the intestines of the tench, Stohr believed he could detect in the
muscularis mucosae “wonderful terminal reticula”, to use his own words. | explain-
ed that in my opinion these are not so much terminal reticula as plexuses whose
fibres have remained independent and belong to the smooth muscles. We were
unable to reach an agreement and parted with the decision to carry on the fight
against each other without, however, changing our mutual friendly attitudes. And
so it went on: where | saw a plexus, Stéhr saw a terminal reticulum. | think
that our incongruent positions to this question were influenced also by the develop-
ment of two opposed schools of thought, although Stohr stated repeatedly also
later his beliefin the reticulum rather than the plexus.

The concept of terminal reticulum has been supported by many investigators,
mainly in the German literature (Reiser, 1932, 1938, 1952; Knoche, 1950, 1951.
1952, 1958; Greving, 1951; Walter, 1957), although others (Boeke, 1951; Herzog,
1954) have severely criticized it. Recently, however, the terminal reticulum has

*“The descent of fibres is sometimes so undulating that their waves approaching each
other closely may give a picture actually reminiscent ofthe terminal reticulum of Stohr and
Reiser. This is clearly visible on the right side of the figure, yet | would not state this were
a true terminal reticulum, especially as there are no anastomoses of the type constituting
the main feature of the reticulum; also, the fibres constituting the virtual reticulum have
evidently remained independent.”

** .. In Fig. 5, also representing a cutting of nerve fibre mass lying on the reticulum,
only a few nerve fibres of medium thickness are descending in the field of vision: to interpret
their existence already as a result of the nerve tissue’s complete impregnation—as stated
not long ago by Nonidez and Abraham —seems to be impossible in my opinion, as a good
impregnation would have offered a possibility to detect further, substantially thinner nerve
elements in the preparation.”
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tended to disappear from the German literature (Taubert, 1960; Knoche, 1961,
Brettschneider, 1965) as both light microscopic and electron microscopic examina-
tions have indicated the definite lack of any morphological basis for that assump-
tion. If this is true and accordingly, the nerve end connection system of vegetative
nerves is not constituted by a reticulum, the question still remains what might be
the nature of the structure linking the smooth muscle tissue with the nervous sys-
tem to a functional unit. Various explanations are still offered of this question.

Based on his experimental morphological studies, Lawrentiew (1936) concluded
“dass die sympathischen Neuronen ihre Selbstandigkeit bis dicht an die Nervenen-
digungen bewahren und dass ihre Axonen mit den anderen Axonen und Ver-
flechtungen nicht verschmelzen”.* This statement is in sharp contrast with the
views of several authors who asserted that the vegetative nervous system is built
up of syncytia. According to Lawrentiew, among the vegetative nerve plexuses there
is only a single syncytium, formed by Schwannian elements: “Innerhalb dieses
Syncytiums ziehen sich vollkommen selbstdndige Axonen hin, deren Endigun-
gen offenbar mit gesonderten Glattmuskel- und Driisenzellen verbunden sind”.**
On this basis Lawrentiew considered unreasonable “zwischen dem Modusder Ver-
teilung und der Endigung der spinalen und autonomen Nervenfasern irgendeinen
ausschlaggebenden Unterschied anzunehmen” .*** The above statements of Lawren-
tiew are essentially in accordance with our position except that in our opinion the
Schwannian syncytium is often absent, there is no Schwannian membrane on the
terminalfibres and nerve endings are but occasionally apparent in the preparations.

On the work of Boeke (1933-51) rests a frequently cited concept of end con-
nections of the vegetative nervous system, called basal plexus. According to this
theory, the end connection apparatus of the vegetative nervous system is a plasm-
embedded tissue constituted by a net of bundles of neurofibrils and Schwannian
nuclei. The plasm accompanies the network along its whole path so that the
neurofibrils have no contact whatever with the tissues they innervate. The basal
plexus is connected with the periterminal net, which essentially is a plasmatic
organ constituted by neurofibrils and interstitial cells located in the effector cells’
cytoplasm to conduct impulses arriving through the neurofibrils of the basal plexus
to the effector cells, or effector tissues.

Boeke’s views on the basal plexus have been adopted and used for the inter-
pretation of results by numerous workers (Szentagothai, Bakay, Temesrékasi,
Jabonero, Walter, Meyling). In the course of our studies we had, and still often
have, the impression that Boeke’s concept has some factual basis, thus widening
our knowledge in certain fields and in special instances. In fact, in the region of the
intestinal tract, in the adventitia of larger vessels, in the throat mucosa of the
frog and also elsewhere, nerve pictures have been encountered which support the

* “that sympathetic neurons preserve their independence until reaching closely to the
nerve terminals and their axons do not unite with other axons and networks.”

** “Inside that syncytium are passing entirely independent axons, whose endings are
evidently connected with separate smooth muscle and secretory cells.”

*** “to assume any notable difference between the mode of distribution and the ter-
minals of the spinal and autonomic nerve fibres.”
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Fig. 107. Columba domestica. Beak skin. Arrectores plumarum, nerve plexus,

(a) Smooth muscle cell; (b) nucleus of smooth muscle cell; (c) thick nerve fibre;

(d) thin nerve fibre. Bielschowsky-Gros—€auna’s method. Microscopic magni-
fication 140X, reduced photographically to 2

validity of Boeke’s hypothesis, whereas in other cases not even traces of plasmo-
dium or Schwannian cells have been detected (Fig. 107). Furthermore it may well
be considered a fact that nerve fibres passing beneath the Schwannian membrane
are axons rather than neurofibrils and do not anastomose with each other at all.
Taubert (1960), too, has demonstrated that occasionally the Schwannian plasmo-
dium is absent. On the basis of his studies on unstained preparations he wrote as
follows: “Es kamen vielmehr feine und feinste Nervenfaserchen in grosser Zahl
zu Gesicht, die vollstandig frei von einer begleitenden Gliaplasmaformation im
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umgebenden Gewebe liegen. Es bat sich niemals mit Sicherheit feststellen lassen,
wo und auf welche Weise das Begleitplasmodium sein Ende findet.”*

Szentéagothai essentially accepted the concept of Boeke (1937-8) and based on
secondary degeneration phenomena encountered after nerve transfixions, con-
cluded as follows: “Die EndVerzweigungen der postgangliondren Fasern bilden
innerhalb eines netzartig gebauten Syncytiums Schwannscher Zellen einen Plexus,
dessen Nervenelemente individuelle Axonen, d.h. Nervenzellenfortsétze sind.”**
Therefore, in his opinion, it is definitely false to speak abouta diffuse net-like sys-
tem in context of the vegetative nerves. Later on (1957) he added that
.. .die plexiformen Nervenendformationen aus zwei verschiedenen Elementen,
einem netzférmigen Syncytium Schwannscher Zellen (Lemmoblasten) und inner-
halb dieser einen Plexus bildender Endverzweigungen verschiedener (sympa-
thischer, parasympathischer und sensibler) Neurone bestehen” .***

Simultaneously with this statement he emphasized again that the thread-
like elements encountered within the plexiform end formations by silver impregna-
tion are not so much neurofibrils as axons, dividing into end rami within the
plasmodium constituted by lemmoblasts. The above statements of Szentagothai
are in general right and correlate with Brettschneider’s electron microscopic
results (1961) except for the fact that the Schwannian cells are certainly independ-
ent cells formirg no plasmcdium.

Jabonero (1953-61) treated relatively frequently within a short period the
problem ofthe vegetative nervous system and in this context also that of end forma-
tions. His relevant statements were mainly theoretical considerations, altered
several times with the increasing number of the regions examined (vacuoles,
neurosecretion, distal syncytium). A concept of his that has been generally
accepted was that most peripheral vegetative paths consist of two territories: one
being the preganglionic neuronal, the other the postganglionic, structurally
syncytial territory. In the postganglionic territory there are some nerve fibres
ending freely in end bulbs (eye, adrenal), and others whose end apparatuses con-
stitute the so-called distal syncytium. The latter is a plasmatic system constituted
by fibres, nuclei and interstitial cells, independent of, and genetically unrelated to,
the postganglionic fibres. Postganglionic fibres end on, or in, the distal syncytium
and conduct nerve impulses to it which initiates a process resulting in the produc-
tion of stimulus conducting substances. These substances initiate the reactive
processes taking place in the cytoplasm of the effector organs. According to
Jabonero, the distal syncytium is actually a synapsis of distant activity (Synapse
auj Distanz).

*“It were rather the fine and finest nerve fibrils that became apparent, lying in the sur-
rounding tissue entirely free of an accompanying glia-plasma-formation. In no case could
itbestated with certainty, where and how the accompanying plasmodium would terminate.”

** “The end branching of postganglionic fibres constitutes, inside a net-like syncytium
of Schwannian cells, a plexus whose elements are individual axons, that is, nerve cell
processes.”

*x% « . plexiform nerve end formations consist of two different elements, a net-like
syncytium of Schwannian cells (lemmoblasts) and inside it the plexus-forming branchings

of different (sympathetic, parasympathetic and sensory) neurons.”
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Fig. 108. Columba domestica. Beak skin. Arrectores plumarum. Nerve plexus,

(a) Smooth muscle cell; (b) nucleus of smooth muscle cell; (c) thick nerve

fibre; (d) thin nerve fibre; (e) nerve bundle; (f) nerve ending. Bielschowsky-

Gros—€auna’s method. Microscopic magnification 640 X, reduced photo-
graphically to y2

The observations of Jabonero on the end connections are partly right and partly
unfeasible. In fact, a part of the vegetative paths is of a neuronal structure; also,
on a part of the postganglionic fibres end formations are visible, while not on the
others. Also, it istrue that nerve endings located in the smooth muscle fibres of the
eye and adrenal medullary substance, particularly in the former, are readily
impregnable by any up-to-date silver impregnation technique. The theory of
Jabonero on the so-called distal synapses is, however, thoroughly unfeasible.
According to our observations, such synapses do not exist at all. In our opinion,
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this concept of Jabonero stems from a misinterpretation of the actual conditions.
We found that after their exit from the plexus, the delicate vegetative terminal
fibres became thinner and thinner, and passing on, or between, the smooth muscle
cells terminated freely without forming any kind of end structure (Fig. 108). This
end formation undoubtedly differs from the termination of nerve fibres found in
the eye and adrenal medulla which in our opinion is not a peculiarity considering
the identical conditions found with striated muscle fibres in vertebrates of the
group Anamnia. In fishes, frogs and tailed amphibia, nerve fibres accompany the
striated muscle fibres over a long distance attaching closely to their sarcolemma,
then they become thinner and disappear, without forming any special terminal
structure.

According to Meyling (1953-5), the effector organs contain stainable and im-
pregnable end nets which are, however, in no direct continuity with postganglion-
ic fibres. He claims that peripheral nerve nets consist of mutually anastomosing
interstitial cells, extending many processes which are in a synaptic conjugation
with the postganglionic fibres. The interstitial cells exhibit tigroid granulation ami
neurofibrillation, and in their complexity render the peripheral end-net capable of
independent function. The postganglionic fibres synapse with the interstitial cells
through end formations which conduct as well as receive stimuli. The net of
simultaneously functioning interstitial cells responds not only to impulses con-
ducted through the postganglionary fibres, but also to the physical and chemical
composition of hormones and adjacent tissue fluids, which regulate, after the
reception of local stimuli, the function of the associated tissues. Furthermore, it
produces certain substances (neurosecretion) which are then transferred to the
associated tissues. It requires neither special competence nor extensive experience
to categorize Meyling’s concept of the peripheral nerve net as a product of the
realm of fantasy, devoid of all morphological basis. We repeat again what has
been mentioned previously in this context that, according to our own experience,
cells called interstitial cells and attributed with the structure and function ofnerve
cells by Meyling are actually anastomosing connective tissue cells with processes
devoid of any special role in the reception as well as conduction of stimuli.

The peripheral anastomoses, another concept of Meyling, should also be discussed
in this place. He carried his generalization so far as to consider even the nerve
fibres running in the Auerbach plexus as anastomosing. Instead of discussing the
absurdity of this in detail, let us refer to Fig. 109 which would convince any
objective observer that there are no such anastomoses whatever between the nerve
fibres constituting the Auerbach plexus.

Temesrékasy (1955, 1950, 1959) considered the basal plexus of Boeke the appar-
atus of transmission in the smooth muscle tissue, noting that “Zwischen den
glatten Muskelfasern befindet sich in allen Tierarten und auch im menschlichen
Material ein dreidimensionales, aus SchwannschenZellen bestehendes Syncytium.
das mehrere (4-12) feinste Nervenfaserchen enthalt” > The fibres pass alongside

* “In all animal species and also in man, between the smooth muscle cells there is a three-
dimensional syncytium composed of Schwannian cells, containing several (4—2) delicate
nerve fibrils.”
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Fig. 109. Emys orbicularis. Jejunum. Plexus myentericus, (a) Nerve cell; (b)
nerve cell process; (c) nerve fibre; (d) nerve trunk; (e) nerve fibre plexus.
Microphotography
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or across each other but never anastomose, remaining independent throughout
as evidenced by normal nerve pictures as well as by those representing secondary
degeneration phenomena brought about by nerve transfixion (Lawrentjew, 1931,
1934; Schimmert (Szentagothai), 1936-37; Lawrentjew and Borowskaja, 1936;
Bulion and Stiefel, 1935; Temesrékasi 1955, 1959). Also Temesrékasi denies the
existence of Stohr’s terminal reticulum; “Das Schwannsche Syncytium wird von
einzelnen ausserordentlich feinen Nervenfaserchen verlassen, die einen besonderen
typischen, geraden Verlauf haben.”* Some end fibres have ring-shaped terminals.
According to Knoche (1959-60), the terminal formation of the vegetative nervous
system consists of a plexus of independent nerve fibres and neurofibrils in which
no end structures are demonstrable by any of the impregnation or staining methods
presently available. Nerve fibres and neurofibrils are lying in a granulous plasma
net showing round or oval nuclei but no definite cell borders under the light
microscope. In the end fibres there are no vacuoles (Walter, 1957; Taubert, 1960)
and there is no morphological basis to attribute secretory function (Jabonero) to
the end system. Intermediary cells, much referred to since Cajal’s report, are
actually Schwannian cells differing from the true ones only by having triangular
rather than elongate nuclei. Interstitial cells must not be considered nerve cells
as the neurofibrils occasionally present in them are not their own products and
no satellite cells are present around the cell bodies. In respect of intermediary cells,
essentially the same has been stated also by Taubert (1960), who wrote: “In mei-
nem Material konnte ich ausserhalb der ‘nervésen Strombahn’ (Feyrter, 1952) in
keinem Falle irgendeinen Zelltyp nachweisen, in dem ich auf Grund auch nur einer
einzigen morphologischen Besonderheit ein zu nerviser Leistung befahigtes Ele-
ment sehen modchte.”**

The newer experimental studies of Knoche (1961) performed on smooth muscle
tissue of the cat’s nictitating membrane and reflecting, in our opinion, the true
conditions in every respect, have led him to the following conclusion; “Im Gegen-
satz zu Stéhrs (1957) und Reisers (1959) deskriptiven Untersuchungen einer
syncytialen Bauweise des vegetativen Nervensystems, zeigen, die morphologisch-
experimentellen Resultate dessen neurale Gliederung auf” . ***

Electron microscopic studies by Brettschneider (1959) of the intestinal innerva-
tion of albino rats have been of particular importance in respect of nerve connec-
tions of the vegetative nervous system and smooth muscle tissue. The results ob-
tained by these examinations areaccordingto Brettschneider himself*“mitden Ergeb-
nis sen lichtmikroskopischer Untersuchungen nicht in Einklang gebracht werden,
soweit letztere fur die praterminale und terminale vegetative Faserstrecke eine endi-
gungslose, netzformige Verknlpfung (Terminalreticulum) der leitenden Elemente

*

From the Schwannian syncytium exit individual very delicate nerve fibres
showing a typical straight path.”

** “In no case exceptthe ‘nervdose Strombahn’ (Feyter, 1953) was demonstrable in my
m aterial any cell type in which, on the basis of some morphological peculiarity, | could have
detected even a single element capable of nervous function.”

*** “in contrast to the descriptive examinations by Stohr (1957) and Reiser (1959) of
the vegetative nervous system’s syncytial architecture, the morphological and experimen-
tal results indicate a neural structure thereof.”
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des vegetativen Nervensystems annehmen” * Brettschneider found that the vege-
tative nervous system’s end fibres run independently of each other in the form of
thin bundles to the end organs, viz. in the case of the intestines, or intestinal villi,
to the epithelial cells and conjugate with them. This kind of conjugation is a true
synapsis, showing clearly the presynaptic and postsynaptic membranes and the
intersynaptic space between them under the electron microscope. Brettschneider
explained: “Niemals wird eine plasmatische Kontinuitdt mit anderen Gewebs-
elementen festgestellt”.** In addition, special importance may be attached to the
following statement of Brettschneider: “Das Leitgewebe ist ein Verband einzelner
Zellindividuen. Syncytien und echte Netze sind nicht zu sehen.”***

In our view (1936, 1938), the vegetative nervous system’s terminal formation
consists of independently descending fibres, arranged in end buttons, yet not
showing formations to be considered as end apparatuses in most ofthe cases. In the
course of our studies we attached little importance to Schwannian plasmodium,
Schwannian nuclei as well as the often discussed interstitial cells. The reason for
this was that Schwannian nuclei are often absent and the intermediary cells have
been considered by us simple connective tissue cells. This concept of ours is essen-
tially consistent with that of Lawrentiew. The relevant paper of ours was published
independently of Lawrentiew in No. 5, Vol. 23 (1936) of the Zeitschrift fur Zdl-
forfchun'i und mikr. Anatomie, that is in the same periodical in which Lawrentiew
and Borowskaja published their similar report. | stated: “Nach meiner Uber-
zeugung enden sowohl die Fasern des Vagus und des Sympathicus als die Fortsétze
der Ganglienzellen auch in dem Darmkanal der hoheren Wirbeltiere alle einzeln,
doch kennen wir diese Endigungen nicht, da unsere Instrumente und Methoden
stets versagen, sobald wir die intime Verbindung des Nervensystems und der
Erfolgsorgane n&her kennenlernen wollen.”f We did not change our views when,
based on the examination of end connection between intestinal muscles and nerve
system in the intestinal tract of Gastropodes (1940), using impregnation method
and 5 /(thick serial sections, we derived the following conclusion: *“Mein endgdlti-
ger Standpunkt in dieser Frage ist aber, dass die Verbindung zwischen dem Nerven-
und Muskelsystem von einem feinen, nur bei starkster Vergrésserung sichtbaren
Geflecht hergestellt wird, in dem aber wirkliche Netze und Endigungen nicht
nachgewiesen werden konnen”.ff “Das Stohr-Reisersche Terminalreticulum ist

*

..not to be correlated with theresults obtained by light microscopy, inasmuch asthe
latter was suggestive of a terminal-free net-like conjunction (terminal reticulum) of the
vegetative nervous system’s main elements forthe preterminaland terminal vegetative fibre
path.”

**“In no case was a plasmatic continuity demonstrable with other tissue elements.”

***“The conduction tissue is an association of individual cells. Syncytia and true nets
are not visible.”

f “In my conviction, both vagal and symphatetic fibres as well as processes of ganglial
cells end independently also in the intestinal tract of higher vertebrates, yet their endings
are unknown as our instruments and methods have consistently failed when aimed to ap-
proach more closely the intimate connection between the nervous system and effector
organs.”

ft “My final position in this question is, however, that the connection between the nervous
and muscle system is brought about by a delicate plexus seen only at highest magnification
and evidently lacking true nets and terminals.”
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auch hier bloss ein feines Geflecht, in welchem die Selbstdndigkeit der kon-
tinuierlichen Elemente immer sicher erkennbar ist.”* We interpreted the nerve

connections of the smooth muscle in a similar way during our examinations of the
reptile lung (1941): “Meiner Ansicht nach kommen wir der Wahrheit am néch-

sten, wenn wir sagen, dass das glatte Muskelgewebe ausserordentlich feine und
reichhaltige Geflechte enth&lt, von denen einzelne Fasern zur Oberflache der
glatten Muskelzellen laufen und sich nach ihrem Eintreffen der Zelloberfldche eng
anschmiegen.”**

In our study on the general structure ofthe vegetative nervous system (1956) we
wrote the following about the end connections: “Im Sinne meiner Untersuchungen,
die sich—mit Ausnahme der Tunicaten—auf alle Stdmme des Tierreiches
erstrecken, bilden die Endfasern des vegetativen Nervensystems (berall End-
geflechte, in denen die Selbstandigkeit der einzelnen Fasern erhalten bleibt und
diese oft auch nachweisbar frei endigen. Am Ende des Nervenfasersystems gibt es
kein Reticulum. Das reizlibertragende System ist in jedem Falle ein Geflecht
(Plexus) und nicht ein Netz (Reticulum, bzw. Terminalreticulum).”***

Concerning the terminal formation of peripheral vegetative paths, our position
has been unchanged in that we still state that nerve fibres constituting the bundles,
plexuses and end plexuses, remain independent and the terminal fibres end freely
in the tissues without the interconnection of interstitial cells.

As to the nerve connectionspresent in the tunicamedia, the following conclusions
were drawn by Woollard (1926) on the basis of examinations with methylene blue:
“This muscular plexus is composed of the finest non-medullated nerves”. “They
ramify through all the layers of the muscular coat and in the aorta they form a
deep and superficial plexus in the tunica media. This intramuscular plexus is a
real net: that is to say the fibres divide and rejoin and divide again, so that the
whole is continuous throughout the length of the vessels, thus offering the possi-
bility of conduction in all directions. From the individual strand in the net tiny
side branches are given off and these end in small swellings after an extremely
short course.” As to the location of endings, Woollard noted that *“these terminals
are always pericellular and not intracellular”. Lapinsky has been of a similar
opinion, noting that he never saw intraplasmic endings. Anyway, in this respect
many conflicting opinions have been formed. The majority of workers state that
nerve endings are localized on the muscle cells’ surfaces, while others have asserted
that they terminate in the cytoplasm, i.e. the nucleus, of muscle cells.

* “Here, too, the terminal reticulum of Stohr and Reiser is but a delicate plexus in which
the independency of the continual elements is always distinctly recognizable.”

** “In my opinion, the closestapproach to truth is to say that the smooth muscle tissue
contains extraordinarily delicate and rich plexuses from which go single fibres to the surfaces
of smooth muscle cells and associate with them closely once arrived.”

***“|n the sense of my studiesembracing exceptfor Tunicates all strains of the animal
kingdom, end fibres of the vegetative nervous system form everywhere terminal networks
whose single fibre constituents preserve their independence and are often seen to end
freely. There is no reticulum at the termination of the nerve fibre system. In every case,
the stimulus-conducting system is a network (plexus) and nota net (reticulum, i.e. terminal
reticulum).”
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In his description of nerve endings in the smooth muscle tissue, Woollard
mentions certain “large branching” cells found by him both in large and small
vessels. Sometimes these cells were associated with axons, sometimes they again
appeared to be independent of them. Woollard noted that the cells extended pro-
cesses which “entwine with the axis cylinder”. The particularity of this pheno-
menon was that “these structures persist after denervation by removal of the
sympathetic trunk”. Similar cells were described and drawn from the rabbit’s ear
by Eugling who also noted that “they persist after denervation of the vessels.
They do not resemble nerve cells morphologically and one cannot make out Nissl
granules in them.” In this sense it may be well postulated that these cells, although
controlled by nerves, are actually not nerve cells having no continuity with the
nerve fibres.

Based on examinations with methylene blue on specimens from frog, guinea-pig,

rabbit and man, Busch (1929) stated that nerve fibres located in the vessel walls
may be classified into two morphological groups. One group is formed by fibres
terminating freely. Most of them are myelinated, occur only in larger vessels and
even there only in the adventitia. In no case were such fibres detected in deeper

layers. Functionally they are sensory fibres. Fibres forming the other group are
in every case unmyelinated. They are characterized by “the formation of peripheral
nerve-nets and whose finest ramifications seem to end in a closed net of neuro-
fibrils which is probably placed extracellularly between the individual muscle-cells,
touching these opposite their nuclei”.

Millen (1949), too, supported the presence of endings, as shown by his descrip-
tion of the fine plexuses found in the media of small arteries: “Exceedingly fine
branches of this plexus can be traced: some appear to end freely in the tunica
media, while others show knob-like ending in close relation to the nuclei of the
smooth muscle cells.” Further to this, Millen reported *“a short segment of a very
beaded fibre can be seen approaching the nucleus as a series of moniliform expan-
sions almost at right angles to it and one knob lies just above the nucleus”.

A survey of the data cited above inevitably raises the question whether the
nerve system connects with the tunica media by a “terminal reticulum” or by free
nerve endings. Below we state our position as derived from our examinations
carried out with various modifications of the Bielschowsky method.

Fibres exiting from the interlamellary network form a plexus on the surface of
the media. This sends thin branches into the media to constitute a plexus. The
latter formation was in every case found to be a true plexus rather thana reticulum.

The fibres of that plexus are all readily followed and seem to have endings.
I am afraid of not being cautious enough in using the term *“ending” as in most
cases not one but several knobs, spheres or buttons are seen on the fibres. Although
in all probability the endmost structures actually constitute the ending, it is
probable that they are smaller varices rather than true endings. Nevertheless, in
view of the fact that various kinds of nerve endings have been demonstrable with
the methods applied by us, there seems to be little reason to give up the existence
of nerve endings right in the vascular area. K these are the actual endings, then
we are bound to accept that fibres from plexuses in the tunica media end freely
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Fig. 110. Meleagria gallopavo. Septum narium; mucous membrane, nerve fibre

plexus along the arteries, (a) Connective tissue; (b) nucleus of the connective

tissue cell; (c) artery; (d) nerve bundle; (e) nerve fibre plexus. Bielschowsky—

Gros’ method. Microscopic magnificatiozn 640 X, reduced photographically
oy

on, or between, the smooth muscle fibres.The conclusionderived from examinations
with methylene blue, i.e. that nerve fibres would also enter the smooth muscle
cells’ cytoplasm, does not seem to be convincing as in my opinion vital staining
with methylene blue is unsuitable for refined neurohistological examinations.
My own observations suggest that nerve fibres in the tunica media end on, or
between, the muscle cells.
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Fig. 111. Canis familiaris. Heart; artery in the left atrium, (a) Tunica adven-

titia; (b) tunica media; (e) nerve plexus in the adventitia; (d) nerve plexus in

the media. Jabonero’s method. Microscopic magnification 300 X, reduced
photographically to %

Tunica Adventitia

After having given a historical and critical survey of the relevant literary data
on the nerve-end connections of aiteries, we describe below, based mainly on our
own experience, the distribution of nerve elements in the histological layers of the
arteries as well as the connections demonstrable between the tissue layers con-
stituting the vessel wall and the vascular nerve supply. First we discuss the nerve
connections in the tunica adventitia, secondly the innervation of the tunica media
and thirdly that of the tunica intima.

The nerve trunks supplying the arteries arrive partly from segmentally and
partly from longitudinally descending nerve plexuses. In theperiarterial connective
tissue, rich in fat cells and vessels, they are arranged in major trunks. From these
trunks, consisting mainly of smooth, undulating fibres, exit bundles of varying
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Fig. 112. Gallus domesticus. Carotis cerebralis; nerve plexus in the adventitia,

(a) Connective tissue bundle; (b) nucleus of connective tissue cell; (c) nerve

bundle; (d) thick nerve fibre; (e) thin nerve fibre; (f) nerve fibre plexus. Biel-

schowsky—Abraham’s method. Microscopic magnification 600X, reduced
photographically to %

dimensions in a parallel direction (Fig. 110). The bundles, some of which are
located at right angles to the adventitia, and some of which give off thin branches,
associate with each other in the middle part of the adventitia to form a plexus.
This is the outer adventitial plexus, which is markedly rich in some portions of
the aorta, in the intracardial arteries and particularly in the basilar artery. Most of
the fibres constituting the plexus are smooth-edged and uniform in thickness. Their
appearance is suggestive of their sympathetic origin in certain areas. Beside the
thin fibres, there are sometimes also present thick ones of particular morphology,
branching off near to, or even on, the media. On the basis of their appearance
and dendritic branchings we have considered these fibres the sensory elements of
the adventitia (Fig. 111).
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A large part of the nerve fibres exiting from the outer adventitial plexuses go
towards the media to form a second plexus immediately at the border between
the two layers. Occasionally, the plexus nature of this network is very conspicuous.
It is constituted mainly of thin fibres of sympathetic appearance. Yet sometimes
also here, thick fibres of evidently sensory nature are seen. This network is the
second adventitial plexus, called interlamellary plexus by Busch (Fig. 112).

The two adventitial plexuses show marked differences not only according to the
kind of artery and age, hut also under certain pathological conditions. The
principle is, however, the same in any case. Therefore, we omit the description of
the minor differences encountered in the individual groups, resp. some special
arteries. The cardiac, renal and cerebral vessels, where these differences are most

conspicuous, will be discussed separately.

Tunica Media

The neurohistological picture of the tunica media is described below. On its
outward surface linked with the adventitia, a loose nerve plexus is clearly apparent
in most cases. In some segments of the vessel this may contain also some thick
myelinated fibres. The latter are particularly conspicuous in the aortic arch where
they are clearly distinguishable from the uniform, smooth, thin, sympathetic
fibres, forming often a hair-tress like pattern. An excellent model for the examina-
tion of these relations is presented by the dog’s aortic arch which, together with
the similar organs of other beasts of prey, has been particularly suitable for the
study of innervation (Fig. 113). The picture, taken at low magnification, shows
bundles constituted by thin, almost neurofibril-like fibres and some thick fibres.
The bundles of thin fibres may be followed up over a long distance, the thick ones
branch off soon and conjugate with the muscle cells, or with the adventitial
margin by particular end structures. Mixed fibres are present only in the reflexo-
genic areas or, occasionally, in their immediate neighbourhood. In the other
arterial segments, the plexus consists almost exclusively of sympathetic fibres,
thick ones of apparently cerebrospinal origin being present only in arteries with
wide lumens.

In some arteries the tunica media appears to be almost entirely free of nerve
fibres. In microscopic specimens only a few fibres were seen to descend between
the muscle cells, singly, in pairs or united to smaller rami. In the arteries providing
for the blood supply of large areas, however, numerous nerve fibres are running in
the media. This was observed in the cerebral arteries, mainly in those supplying
the base of the brain in birds, mammals and man (Fig. 114). Awell-developed plexus
was also detectable in the media of the aortic arch of dogs, cats and badgers,
further in the coronary arteries and in the intracardial arteries in the right atrium
of the pig (Fig. 115).

In the aortic arch of the cat, delicate plexuses occur mainly around the small
arteries and capillaries. In these plexuses there are some varicose, delicately
fibrillar thick fibres and some hardly visible thin ones, carrying small varices.
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Fio. 113. Canis familiaris. Aortic arch."(a) Sympathetic fibres; (b)'myelinated

fibres; (c) mixed nerve fibre plexus; (d) smooth muscle tissue. Bielschowsky—

Gros” method. Microscopic magnification 600 X, reduced photographically
to y2

The latter fibres run adjacent to, or beneath or above, each other, become gradually
thinner and disappear between the smooth muscle cells without showing any
particular terminal structure. The perivascular plexuses of the cat are so rich that
at first sight they seem to justify Stéhr’s concept that each muscle cell of the media

is controlled by a separate nerve fibre (or, in our opinion, nerve ending) (Fig. 116).
The appearance of these endings was clarified in sections obtained from the aorta
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Fig. 114. Gallus domesticus. Carotis cerebralis; nerve plexus in the adventitia,

(a) Tunica adventitia; (b) tunica media; (c) nerve bundle; (d) nerve fibre

plexus; (E)varix. Bielschowsky-Abrahdm’smethod. Microscopic magnification
300 X, reduced photographically to 12

oi the dog and fox, or the coronaries of the calf. Occasionally, the plexus’ fibres
narrowed gradually, arranged in coherent drop-like patterns, then gradually
disappeared. These pictures gave the impression that the fibres were true end
fibres conjugating with the muscle cells at several sites and ending freely. Thus it
appears that nerve fibres running in the media terminate in end bulbs resembling
intraepithelial nerve endings, clearly defined here and there in rich plexuses.
If that be true, it remains to be clarified whether the end bulbs’ positions are
epilemmal or intracytoplasmic. This is very difficult to decide, our only means for
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Fig. 115. Canis jamiliaris. Artery in the right atrium; nerve plexus in the

media, (a) Connective tissue; (b) nucleus of connective tissue cell; (c) tunica

media; (d) smooth muscle fibre; (e) nerve bundle; (f) nerve fibre; (g) nerve

fibre plexus. Bielschowsky-Abraham’s method. Microscopic magnification
400 X , reduced photographically to y2

this purpose being the proper adjustment of the micrometer screw. If at a given
adjustment of the microscope the end bulb’s and the muscle cell’s nuclei are seen

in one and the same plane, the end bulb’s position may be regarded as intracyto-
plasmic. The pictures examined by us suggested that in the media both epilemmal
and intracytoplasmic positions may occur. Terminal reticulum is absent.
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Fig. 116. Felis domestica. Aortic arch; nerve plexus in the media, (a) Tunica

media; (b) capillary; (c) nucleus of smooth muscle cell; (d) nerve bundle;

(e) nerve fibre; (f) nerve end plexus. Bielschowsky-Abraham’s method. Micro-
scopic magnifica- tion 400 X, reduced photographically to %

Tunica Intima

We consistently failed to detect any kind of nerves in the tunica intima of
birds, mammals and man alike. Since certain literary reports have been available
on the presence of nerve fibres in the intima, we studied this problem with special
care. We prepared cross sections in both directions from the walls of the larger
arteries and examined them thoroughly after proper impregnation. The results
have confirmed our earlier statement that there are no nerve fibres in the intima

of the arterial wall.
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VEINS (VENAE)

Neurohistologically, the innervation of veins is essentially similar to that of the
arteries. This applies particularly to the larger veins where, similarly to the arteries,
large nerve trunks run in the adventitia, whose fibres gradually decrease in number,
become thinner, finer and undulating while passing inwards. The structure and
connection of sympathetic fibres innervating the thin tunica media also resemble
those of the arteries. Here, too, Stohr saw aterminal reticulum and as the pattern
seen by him was present in both muscular and muscleless veins, he stated that
“das nervise Terminalreticulum nicht lediglich als ein fir die Muskelfasern
bestimmten motorischen Endapparat”.*“Der Gedanke, jenem Endnetz auch eine
trophische Funktion zuzuteilen, liegt nahe, wenn er sich auch schwer beweisen
lassen dirfte.”** Further to this, Stohr also stated for the veins what he had stated
for arteries, viz. the vessel walls are so richly supplied with nerves that it seems
to be feasible “dass wir fir jede einzelne Zelle der Gefésswand die Mdglichkeit
einer Einwirkung des Nervensystems in Rechnung setzen diirfen” . ** As to the
post capillary veins, Stohraccepted the concept of Reiser and Yoshitoshi, assert-
ingthat there is a continuity between the terminal reticula present inside and out
side the vessel wall. Having observed similar phenomena in the interconnections
of the innervation ofa small vein and the surrounding fat cells, he was inclined to
share Wassermann’s opinion that the growth of fat cells is, both in embryos and
adults, associated with that of vessels. The nervous control of the fat cells’function
was demonstrated first by Dogiel and later on also by Boeke. Similar observations
were reported also by Kostowieczki, Wilkinson and Burkitt. Millen, too, has found
a nervous control of fat tissue, noting that it contains also sensory apparatuses,
as observed already by Dogiel. The presence of nerve fibres, sometimes in quite a
large number, in the perivascular fat tissue has also been demonstrated in this
laboratory. According to our own experience, most nerve fibres occur in the fat
tissue present at the outer margin of the adventitia of the aortic arch and around
the bifurcation of the pulmonary artery. In general, we found the richest nerve
supply in the fat tissue of the chemoreceptor region.

Numerous interesting data have been published on the innervation of larger
veins such as the vena cava superior and inferior, vena iliaca, vena renalis and
vena portae. Michelazzi found a relatively large ganglion in the periadventitial
connective tissue of the pulmonary vein. The presence of sensory end apparatuses
in the veins’ walls has been also reported in the literature. In the media of the
guinea-pig’s vena cava, Rachmanow described nervous end arborizations and a
Vater-Pacini type end apparatus in the surrounding connective tissue. The same
structures were detected by Eich in the portal vein of human newborn.

* .the nervous terminalreticulum mustnotberegarded as a special motor end appa-
ratus of muscle fibres alone.”

** “One is tempted to attribute alsoatrophic function to the terminal reticulum, which
is, however, hard to prove.”

%% . to supposethe influence of the nervous system on each muscle cell present in
the vessel wall.”
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Fig. 117. Homo. Vena saphena magna: nerve plexus from the adventitia, (a)

Connective tissue cell; (b) nucleus of the connective tissue cell; (c) connective

tissue fibre; (d) nerve bundle; (e) nerve fibre. Cauna’s method. Microscopic
magnification 600 X, reduced photographically to y2

From the intima of the uterine veins Keifer described bipolar and tripolar cells
which in his opinion were “wirklich nervéser Natur” (truly nervous in nature).
This concept was opposed by Stéhr and 1 am myself of the opinion that these
cells are connective tissue cells identical with Woollard’s branching cells, whose
connective tissue nature has been confirmed -as outlined already in the fore-
going—by nerve section experiments.

In this institute, the vena femoralis, vena saphena magna, vena cava superior
and vena cordis magna were examined in more detail. The results roughly corre-
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Fig. 118. Ardea cinerea. Vena pulmonalis; nerve plexus in the media, (a)

Smooth muscle cell; (b) nucleus of the smooth muscle cell; (c) thick nerve

fibre; (d) thin nerve fibre. Bielschowsky-Abraham’s method. Microscopic
magnification 600 X, reduced photographically to y2

sponded to the general pattern of vascular innervation, as described above. The
vena saphena magna, however, deserves separate discussion, being extraordinarily
rich in nerve fibres owing to the bulky muscular layer in its wall. Particularly
numerous nerve fibres occur in its adventitia. Most of them are myeline-free,
sympathetic fibres present in large numbers mainly in the vasa vasorum (Fig. 117).
Nerve fibres are numerous on, and along, the vasa vasorum as is seldom seen
in any arteries. In general, these fibres are thin, and their paths are easily followed
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up separately over a long distance but some of them soon branch off. Beside their
appearance their sympathetic origin is also supported by the fact that some of
them terminate on a capillary in the form of an end hulb. No sensory endings
were found in the adventitia.

The thick muscular layer of the vena saphena magna is richly supplied with
nerves. To the muscle bundles are attached loose plexuses whose unmedullated
fibres frequently ramify. Individual rami may be followed over a long distance.
They become gradually thinner and their delicate end branches terminate on the

sharply bordered muscle cells. Some of the terminal fibres form a coil-like structure.
There is no terminal reticulum, the tunica intima contains no nerve fibres. The
venae cavae (tena cava superior, vena cava inferior), too, are relatively rich in
nerve fibres, mainly at their entrance into the heart. As seen in the venae cavae
of the calf, the nerve fibres are arranged in larger trunks and bundles passing along
the arteries supplying the vein’s wall. The trunks and bundles give off rami of
varying sizes to supply the muscle tissue at the vein’s origin and the neighbouring
connective tissue. Of the veins with a muscular wall we examined also the pul-
monary vein of birds. In the large material handled, preparations obtained from the
pulmonary vein of the common heron (Ardea cinerea) proved to be suitable
for the study of innervation. They revealed an extraordinarily rich supply of nerve
fibres in the pulmonary vein, mainly in its smooth muscle layer. This area was
traversed by giant nerve trunks branching richly here and there so that the
characteristic smooth muscle tissue is, so to speak, flooded over by nerve fibres
(Fig. 118). The nerve fibres are undulating and no Schwann-type nuclei are
apparent.

In the pulmonary vein beside the rich plexuses, larger loose ones are also seen
from which exit large numbers of single fibres, as a rule smooth-edged, uniform in
diameter over a long portion and easily followed over a long distance. In general,
it may be stated that in higher vertebrates there are but few regions where the
interconnections ofsmooth muscle and nervous system would be so clearly apparent
as in the pulmonary vein ofbirds. Here it is clearly seen that end fibres form neither
plexuses nor terminal reticula. Each fibre descends independently and also con-
jugates independently with the muscle fibre’s surface.

ARTERIOVENOUS ANASTOMOSES

The innervation of arteriovenous anastomoses has been extensively studied-
Masson described a rich innervation in the arteriovenous anastomosis of the human
finger. In similar structures of the dog’s tongue, Brown saw unmedullated fibres
in the media and myelinated fibres in the adventitia, the latter branching richly
to the connective tissue. Nerve endings of the Vater-Pacini type were seen near
arteriovenous anastomoses by Grosser, Schumacher and Clara.

We examined the nerve connections of arteriovenous anastomoses in the loop-
vessels. In our hands, the sheep’ssclera, processed by the method of Bielschowsky-
Abraham, proved to be best for this purpose. Along both the artery and the vein
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Fig. 119. Ovis aries. Loops of the vessels in the selero-oorneal junction; in-

nervation. (a) Connective tissue cell; (b) nucleus of connective tissue cell; (c)

artery; (d) vein; (e) linking branch; (f) nerve bundle; (g) nerve fibre; (h) nerve

plexus, Bielschowsky—Gros’ method. Microscopic magnification 000 X5 re-
duced photographically to %
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passed thick nerve trunks constituted by many fibres some of which were smooth
and undulating, suggesting a sympathetic nature. Smaller nerve bundles exiting
from these trunks passed along the conjugating vessels (anastomosis), forming a
manifold interconnection between the two nerve trunks. The whole nerve picture,
markedly richer than those seen in the region of any particular artery or vein,
indicated a more intensive nervous control of arteriovenous anastomoses than of
the arteries and veins themselves (Fig. 119, Plate I/b, p. 48).

CAPILLARIES (CAPILLARES)

Demonstration ofthe interconnection between capillary walls and nervous system
constitutes one of the most difficult tasks of neurohistology. The fact that most
capillaries are accompanied and traversed by delicate thin nerve fibres has long
been known. The first investigators concerned with the innervation of capillaries
(His, 1863; Ciaccio, 1864; Tomas, 1869; Klein, 1870; Beale, 1872; Meyer, 1880;
Griinhagen, 1883; Gad, 1895; Siehler, 1901; Joris, 1906; Miehailow, 1908; Glaser,
1914) considered the nerve fibres, descending alternately along both sides of capil-
laries, responsible for capillary innervation. This may be approximately true as
the repeated conjugation would account by itself for the transmission of nervous
impulses. It is, however, not unfeasible to suppose that this periodic conjugation
is inadequate to conduct the rapid and intensive impulses required for abrupt
alterations of the capillaries’ lumens, sometimes over quite a large area. Therefore,
further investigations were conducted giving rise to the concept that the nerve
fibres in question are only accompanjdng fibres of the capillaries, and there are also
some other fibres associated closely with the vessel walls. This was supported by
the results of Xesterowsky (1875), Krimke (1884), Botezat (1908) and perhaps still
more evidently by those of Bremer (1882) and Ceccherelli (1904).

Later on, the problem was investigated by Barbsdale and Woollard but, accord-
ing to Stéhr, with little success. Better results were obtained by Ohno, Gerneck,
Clark and Don, de Castro, Schadabasch, Akkeringa, Wilkinson, Hinsey, Lawren-
tiew, Zwaifach and Sunder-Plassmann who published pictures offering a feasible
explanation for the rapid simultaneous onset of nervous effects over a large area.

Stohr, who advocated the nerve end connective function of terminal reticulum
in the capillary region also, commented as follows: “Das gleiche nervdse Terminal-
reticulum, das glatte Muskelfasern, Driisen- und Bindegewebszellen mit seinen
zarten Waben umklammert, zieht auch die Kapillarwand in seinen Bereich”.*
This opinion of Stohr was opposed by Michelis and Nonidez who stated the
argentophilic fibre nature of “terminal reticulum”. Neither did Busch, Woollard
and Millen see any terminal reticulum on the capillaries.

The author of this volume failed to detect on the capillaries any kind of terminal
reticulum or cytoplasmic conjugation described by Boeke, between pericytes and

*“The same nervous terminal reticulum that intertwines the muscle fibres, gland and
connective tissue cells with its delicate fibres, extends also to the capillary wall.”
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Fig. 120. Rana ridibunda. Stomach; pars pylorica; capillary innervation in

the tunica muscularis, (a) Smooth muscle cell; (b) nucleus of smooth muscle

cell; (c) capillary; (d) nucleus of the endothelial cell; (e) nerve bundle; (f) nerve

fibre. Bielschowsky-Gros’method. Microscopic magnification 040 X, reduced
photographically to y2

capillary endothelial cells in several hundreds of preparations obtained by various
silver impregnation techniques. Our examinations indicated a definite nervous
control of the capillaries’ walls supplied partly by the accompanying fibres, partly
by the closely associated loose plexuses. Free endings, as described earlier particu-
larly by workers using Golgi’s method, or observed after vital staining with
methylene blue, were never apparent in our preparations.

In certain portions of the vessels, especially in the outer adventitial layer, the
capillaries are accompanied by thick sympathetic trunks giving off small lateral
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Fig. 121. Homo. Arteria coronarius cordis; capillary innervation, (a) Endo-

thelium; (b) nucleus of endothelial cell; (c) nerve fibre; (d) accompanying

fibre; (e) point of junction. Bielschowsky-Gros’ method. Microscopic magni-
fication 900 X , reduced photographically to %

branches to the adjacent plexus of capillaries. These branches are particularly
strong in the cat’s aortic arch whose vessels are, according to our experience, under
the most pronounced sympathetic control.

Along the capillaries there are frequently seen nerve fibres which do not follow
strictly the vessel’s path but pass away from it, then return here and there, wind,
and conjugate with the endothelium over variable distances. These fibres, known as
accompanying fibres and described also by Stohr, are well visible in the intestinal
submucosa, arterial adventitia, myocardium, palatine mucosa of frogs, and also
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elsewhere. They appear in a particularly beautiful pattern in the aortic arch and
coronary arteries, especially in the calf.

In the coronary arteries, beside the accompanying fibres there are also numerous
other fibres serving obviously for the innervation of the capillary wall (Fig. 121).
As shown in Fig. 121, the latter fibres form two systems. Part of them descend
parallel to the vessel wall, part of them traverse the empty areas in all directions.
They are undulating, here and there fibrillar and in some places seem to divide
to form a neurofibrillar network. No endings are apparent, yet it is possible that
certain fibres end on, or inside, the endothelial cells. In this context we wish to
emphasize again that problems of terminations are difficult to clarify with the

available method. It is, however, certain that the capillaries are under a marked
nervous control which accounts for the abrupt alterations of their lumens.

NERVE CELLS IN THE VESSEL WALLS

The problem whether or not nerve cells are present in the vessel walls has been
investigated for a long time. The relevant literary data are incoherent and often
controversial. In a paper Stohr commented as follows: “Im Laufe vieler Jahre
habe ich nur ein einziges Mal in der Adventitia einer Arterie aus dem Plexus
choroideus eine sehr Kleine Ganglienzelle gesehen und abgebildet” .* According to

Glaser (1931), nerve cells occur only in the arteries supplying the large cavities
of the body. Stohr commented that there may be nerve cells in those areas but
not so much in the adventitia as in the periadventitial connective tissue. This
statement of Stohr is correct in general. In the connective tissue bordering the
larger arteries and veins, nerve cells and ganglia are actually often present.
I observed it myself, mainly in my studies on the innervation of coronary and
cerebral vessels. | should like to note, nevertheless, that nerve cells and well-
developed ganglia are also present in the adventitia. In this context | refer to a
contemporary publication of mine, stating that the cells described by Bethe as
multipolar nerve cells from the vessels supplying the palatine mucosa of the frog
are not nerve cells at all and that nerve cells do not occur in that localization in
other organs either (Abraham, 1938, 1940).

Nerve cells and ganglia are fairly frequently seen in the coronary arteries and
veins. But one should be careful in judging their positions, as the hulk of them is
localized in the plexuses of the periarterial connective tissue rather than in the
vessel wall itself. Very well-developed ganglia occur in large masses in the wall of
the coronary sinus of man and animals.

Ganglion cells and ganglia occur besides the coronary vessels also in the aorta.
| detected a large ganglion at the exit of the coronary artery from the aorta. The
cells constituting the ganglion were Dogiel type 1cells, surrounded by pericytes in
a capsule-like fashion.

*“O0n only one occasion over a period of many years had | seen and drawn a very small
ganglion cell in the adventitia of an artery from the chorioid plexus.”
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Fig. 122. Gallus domesticus. Ganglion in the wall of arteria carotis cerebralis.
(a) Connective tissue; (b) nucleus of connective tissue cell; (c) nerve cell; (d)
nucleus of nerve cell; (e) nerve bundle; (f) thick nerve fibre; (g) thin nerve
fibre; (h) nerve fibre plexus. Bielschowsky—Abraham’s method. Microscopic
magnification 600 X, reduced photographically to 14

I saw a ganglion also in the adventitia of the cat’s aortic arch. The ganglial cells
had eccentric, round nuclei and their processes resisted impregnation. Ganglia were
seen also in the adventitia of the cerebral carotid artery of birds. They were large
and occurred in a relatively large number along the vessel’s descents (Fig. 122).

RECEPTORS IN THE VESSEL WALLS

Neurohistological studies prompted by certain results of experimental physi-
ology have often revealed the presence of receptors (as well as effectors) in the
vessel walls. As receptors are regarded the thicker nerve fibres passing in the
adventitia and branching offin a tree-like fashion, especially in some more sensitive
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vascular segments, forming plexuses here and there. Such plexuses are particularly
rich in the aortic arch and carotid sinus, where they contain also thick myelinated
fibres. In addition, plexuses of receptor nature occur in the coronary arteries,
renal artery and cerebral vessels. As judged by their structure and position, the
dendritically branching thick fibres, beaded here and there, seen in these plexuses
are the receptors of the vessel wall. Obviously, they are the organs of pain sensa-
tion or may be even the sensory apparatuses of vascular reflexes. Beside these
fibre systems constituting the general sensory elements of the vessel wall, there
are also some special receptors occurring only in certain vascular segments and
constituting the sensory apparatus of vital reflexes.

In general, two special receptor systems are known. One of them serves to
signal changes of luminal size caused by pressure on the vessel wall. They are
called pressure receptors (presso-receptors, baroreceptors, stretch receptors).
Receptors belonging to the other system receive chemical stimuli (chemoreceptors).
Since the receptors belonging to the two systems differ both structurally and in
their positions, they are discussed separately below, first the pressoreceptors and
secondly the chemoreceptors.

Pressoreceptors

In the cardiovascular system of higher vertebrates the pressoreceptors form
two particularly sensitive reflexogenic zones, one in the wall of the aortic arch
and another in the wall of the carotid sinus. Both consist of a system of richly
branching thick fibres whose terminal rami attach by larger neurofibrillar end
plates to the wall of vascular segments. A third reflexogenic zone is constituted
by a system detected by the author of this volume in the pulmonary artery. Refer-
ences to this zone have been lacking in the available literature. The reflexogenic
zones are described below in the sequence of aortic arch, carotid sinus and pul-
monary artery.

Aortic Arch (Arcus aortae)

The aortic arch has been the earliest known receptor assembly of the vascular
system. Firm experimental evidence has been presented that these receptors
inhibit by reflectory action the elevation of blood pressure and heart rate. Closer
studies of receptors and their connections were performed on the aortic arch of
birds, dog, pig, calf, buffalo, goat, sheep and man. The results are described below.

Birds (Aves)

The vascular innervation of birds was studied on the following avian species:
chicken (Gallus domesticus), turkey (Meleajris gallopavo), goose (Anser domesti-
cus), duck (Anas domestica), whooper swan (Cyjmis olor), hen harrier (Cir-
cus cyaneus), screech-owl (Strix flammea). In accordance with the nearly
uniform histological structure of the vessels of these avian species, no notable
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differences were found in their vascular innervation either. For this reason, in the
foregoing chapter the vascular nerve supply of birds was discussed together with
that of mammals. Roughly the same applies to the depressor nerve; since, how-
ever, this nerve is making its first well visible and easily accessible appearance
in the birds it should be discussed separately from the formation of a similar
structure and function in mammals. In this context it should be noted that in
our hands, impregnation of the depressor nerve was successful only in the arterial
trunks of the chicken (Gallus dcmesticus). In the ether areas all attempts have
failed. This must not be interpreted as a law or specific feature being due most
probably to more fortunate conditions of impregnation in that particular case.
The reason of the frequent failures rests with the fact that we actually had no
footing as to the localization and appearance of depressor fibres. This is empha-
sized because Nonidez (1935) traced the terminal structures and connections Of
depressor fibres in serial sections from day-old chicks.

Nonidez detected the ending site of the depressor nerve in the aorta, at the
exit of the arterial trunk. In this area he described nerve fibres and capsulated
nerve endings with round cells. He considered them end structures of the depressor
nerve and gave the tunica intima as their location.

As far as we are informed, since the studies by Nonidez nobody has dealt with

the avian depressor system in adult birds, thus we are in no position to correlate
with other data the observations made by us on the shape and descent of fibres,
structure and connection of endings, as described below.

As we have seen on the preparations obtained from the artery-stems of the
cock, fibres of the depressor nerve are thick, undulating and varying in diameter
and cross section pattern. They enter the wall of the aortic arch in larger bundles
accompanied by thin, smooth sympathetic fibres, pass on parallel for a while, then
gradually separate and, either singly or accompanied by very thin sympathetic
fibres, run a longwinding path in the middle layer of the adventitia. Their descents
show special thickenings, plate-like extensions, very thin side branchings and,
in general, branch systems of medium richness. Terminal rami of the side branch-
ings and of the ramifications of the main fibre’s end branching are uniformly
irregularly beaded and terminate in well-visible, sharply bordered plates. The end
plates are dense, showing circular, elliptic or distinctly triangular shape (Fig. 123).
Neither end fibres nor end plates anastomose. The end plates are sharply bordered
against the elements of the host tissue. In every case, these endings are localized
in the tunica adventitia, either close to the tunica media or, exceptionally, actu-
ally in the media itself. | believe that the endings described by Nonidez from day-
old chicks as “capsulated nerve end bodies” and believed by him to be end structures
of the depressor nerve, are actually paraganglia or, according to the recent ter-
minology, chemoreceptors. We, too, found such structures in the arterial system
of birds. We shall revert to them in a later chapter.

It should be noted that fibre and end systems similar to those described above
occur also in the wall of the arterial trunk. TbI3 implies that depressor fibres are
found notonly in the aortic wall but also elsewhere, since unlike the situation in
mammals, they do not form a coherent receptor area in birds (Fig. 124).
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Fm. 123. Oallus domesticus. Aortic arch; pressoreceptors in the adventitia, (a)

Connective tissue bundle; (b) nucleus of connective tissue cell; (c) smooth

muscle tissue; (d) nerve fibre; (e) varix; (f) intermediary plate; (g) end plate.

Bielschowsky-Abrahdm’s method. Microscopic magnification 600 X, reduced
photographically to %
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Fig. 124. Gallus domesticus. Arteria anonyma dextra; pressoreceptors in the

adventitia, (a) Connective tissue; (b) nucleus of connective tissue cell; (c)

nerve bundle; (d) thick nerve fibre; (e) thin nerve fibre; (f) nerve end plate;

(g) varix. Bielschowsky-Abraham’s method. Microscopic magnification
600 X, reduced photographically to y2

Mammals (Mammalia)

In mammals, pressoreceptors of the aortic region show a marked similarity in
origin, descent, structure and connections. As to their origin, in general all depres-
sor fibres arise in the vagus, as a rule not in the vagal trunk itself but in some larger
branch, mostly in the nervus laryngeus superior. The vagal depressor fibres pass
to the aortic wall within the common vago-sympathetic sheath and together with
sympathetic fibres they form a plexus on the wall. Only in the rabbit were
depressor fibres seen to descend outside the vago-sympathetic sheath, in the form
of two separate nerves (nervus depressor, nervus aorticus), one going to the
anterior, the other to the posterior part of the aortic wall. In all mammals, depres-
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sor fibres are thick myelinated fibres carrying large varices and special membrane-
like extensions. The types of connections are in general uniform. In the majority
of cases the endings are large neuofibrillar end plates conjugating with the ad-
ventitial tissue directly without the interference of any special tissue element.

Dog (Canis familiaris)

After their exit from the common vago-sympathetic sheath, bundles of the
aortic nerve go to the aortic wall after subdivision in smaller bundles which pass
on along the adventitial margin. As a rule, the fibre bundles are accompanied by
sympathetic bundles constituted by thin, smooth, undulating fibres running
closely to each other without branching. Beside these hair-tresslike bundles
there are many others within which aortic fibres are passing in variable num-
bers. Thus aortic fibres enter the aortic wall either in the form of closed aortic
bundles or of sympathetic trunks.

Fibres constituting the aortic bundles are thick, sometimes to an extent which
even appears to be pathological. This is, however, obviously not the case as the
same features were seen in each dog, this being particularly characteristic of the
aortic fibres in that animal.

Aortic fibres leaving the bundles pass on singly or in pairs; on nearing the inner
margin of the adventitia they begin to branch off. The individual, fibres show a
rich ramification. Fibres of the side rami and trunks are varicose, forming here
and there enormous beads. Ramification becomes more extensive towards the
ends of the fibres and these terminal rami are closely intertwined with those of the
adjacent fibre systems. Nevertheless, in adequately impregnated preparations
the end systems belonging to the different fibres are well distinguishable from
each other.

Atypical feature of aortic nerves is that, unlike nerve fibres of other nature, the
narrowed fibres may thicken over quite a long distance and this phenomenon is
seen repeatedly along their path. Another typical feature is that some thick
fibres abruptly subdivide into two, three or more branches which subdivide
again after a shorter or longer path. On all kinds of aortic nerve fibres there are
large varices, sometimes forming a mosaic-like pattern from pieces of varying
sizes. In some varices the neurofibrils are sharply apparent, whereas in other
cases only dense varices are seen along the fibre’s whole descent. Not infrequently
the markedly fibrillar and thickened fibre pieces are linked with each other only
by a neurofibril-like delicate fibre. This phenomenon is not seen in other parts of
the nervous system, being apparently related to the special position and role of
aortic nerve fibres. The same applies to the rich branchings and to the morphology
and structure of nerve endings.

Aortic fibres are characterized by the appearance of intermediate neurofibrillar
plates and endings in their path. Intermediate neurofibrillar plates arise by the
fibre’s regional subdivision into neurofibrils not far from its termination. In the
peripheral nervous system, similar structures are seen only in the path of fibres
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Fig. 125. Canis familiaris. Arcus aortae; system of pressoreceptors in the ad-
ventitia. (a) Axon; (b) varix; (c) terminal fibre; (d) neurofibrillar end plate.
Bielschowsky-Abraham’s method. Microscopic magnification 900 X, reduced

photographically to %

originating in the sinus nerve. In the intermediary plates the neurofibrils separate

from each other, arrange loosely, then unite again. Very likely this structure
enhances the fibre’s sensitivity.

The appearance of the nerve endings varies widely. Sometimes they subdivide
into thin, smooth end fibres covering a long distance and disappearing near the
outer margin of the media after having formed several loop-like structures, or
terminated in small end bulbs. In the majority of the cases, however, the situation
is different as many fibres fall asunder in numerous thin constituent fibres, im-
pregnable as a whole only in thick sections. The thin fibres cover a long distance
without notable varix formation and terminate in large end plates of ivy-leaf
shape (Fig. 125). In most cases these plates are dense and homogeneous, but many
of them appeared to be constituted partly, or entirely, by neurofibrils. Occasion-
ally the latter form a network, viz. plexus. The number of end plates is particularly
large. In thin sections they are seen to form large assemblies in the termination
field of some smaller aortic bundles. Not infrequently, nerve pictures from the
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Fig.126. Canisfamiliaris. Arcus aortae; nerve end plates in the adventitia, (a)

Connective tissue bundle; (b) nucleus of connective tissue cell; (c) axon; (d)

main branch; (e) lateral branch; (f) varix; (g) terminal fibre; (h) end plate.

Bielschowsky—6Gros’ method. Microscopic magnification 800 X, reduced
photographically to %

anterior surface of the aorta show enormous assemblies of endings, some of them
allowing for a precise study of special connections and end formations.

Some of the endings are elongate lamella-like structures with loosened neuro-
librils, others show fimbriated margins. The large number of endings of various
morphology and the arrangement of aortic terminal fibre systems in relatively
small areas account for the extraordinary sensitivity of this portion of the
aortic arch as well as for the special inhibitory role played by the aortic nerve in
the control of blood pressure, i.e. in the inhibition of pressure elevation.

To identify the precise structure of the fibres’ endings, | examined them in
well-impregnated preparations under very high magnification. These studies
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revealed that, except for some dissimilar structures, most end plates are consti-
tuted by delicate neurofibrillar reticula whose structure is clearly seen also under
the highest magnification (Fig. 126). Naturally, to obtain such pictures requires
great technical skill not only in impregnation but also in the preparation of
sections. Therefore, preparation of sections according to a predetermined scheme
is of great importance. It should be considered prior to freezing that the aortic
fibres are pasting in the adventitia and the end plates attach flatly to the inner
surface of the adventitia (or the outer surface of the media). Therefore, prior to
sectioning the aortic arch should be cut longitudinally in two parts and, if required,
frozen flat on the microtome’s object support by means of a filter paper or some
brain pulp allowing complete spreading and smoothing. This permits sections to
he cut parallel with the surface. Also, care should be taken to keep intact the
sections containing the adventitial portion directly adjacent to the media, since,
as suggested also by the nerve’s function, this part of the vessel comprises the
nerve endings. In case a comprehensive picture is required of the fibres’ descents,
branchings and endings, thicker sections should be prepared, as otherwise their
relations and connections escape observation. If all these aspects are considered
and if adequate techniques are available for the correct performance of staining
and impregnation, the pictures obtained will allow a closer study of not only the
fibre branching, but also the end plates’ structures.

At the innermost margin of the adventitia, the end plates abut the media thus
strategically situated to register the smallest change of blood pressure. Naturally,
sensitivity is the higher the larger the number of end plates which, owing to their
dense location, convert the inner margin of the adventitia into a neurofibrillar
veil. The histological finding that, owing to the stratified location of fibre systems,
the endings constitute two or more such neurofibrillar veils, offers an explanation for

the aortic nerve’s regulatory role depending on its capacity to perceive even the
slightest pressure exerted on the vessel wall.

Pig (Sus scrofa domestica)

Before going into details about innervation, we describe the histological struc-
ture of the aortic wall as our studies of depressors have shown that the aortic
structure of the various mammals may be dissimilar in dependence of their
way of life and ecological relations. Differences have been encountered in the
structure of adventitia and media, the amount, descent and grouping of elastic
fibres, thickness of the intima and structure and appearance of the endothelium.

The pig’s aorta is characterized by the extreme thinness of the adventitia or
even by its absence. This is surprising but a still more surprising phenomenon is
the presence of a well-developed adventitial plate at the site where fibres from the
aortic nerve enter the vessel wall. Apart from this the vessel wall exhibits the
usual stratified structure. In the media, smooth muscle lamellae regularly alternate
with elastic lamellae. These lamellae are numerous and the media is thick and
strong. The intima is easily distinguishable from the media and has no typical
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features except perhaps that the endothelial cells are very flat and the cell borders
are vague.

Aortic fibres, accompanied by thin sympathetic fibres, enter the aortic wall in
the region of the connective tissue lamella described above. This area is small
but large enough to receive all branches of the aortic system together with a part
of the endings. It extends on the aorta’s anterior surface beneath the origin of
the left subclavian artery, in the form of a relatively narrow strip descending to the
vessel’s concave side. This small, poorly circumscribed area was traced by cutting
the whole arterial portion between the brachicephalic and the left subclavian
arteries into small pieces which were then cut further by freezing microtome. Care
was taken that all pieces should be sectioned. The sections were then impregnated.
Thus, examinations of many carefully processed aortic arch specimens revealed
that depressor fibres accumulate, and also end, in the narrow area described
above.

Depressor fibres are myelin-sheathed. In every case, the myelin sheath is
sharply conspicuous, homogeneous and extraordinarily thick. Its thickness
constitutes one of the typical features of the pig’s depressor fibres. This pheno-
menon is so conspicuous that viewing of a single fibre is conclusive of its origin
from the pig’s aortic arch. | have examined the depressor fibres of nearly all
available mammals but in none of them have | found such a specially thick mye-
lin sheath as in the aortic arch of the pig. Here and there this impression is still
more intensified by the fact that large masses of neurilemmal nuclei are seen to
attach closely to the myelin sheath. The thick fibres are occasionally accompanied
by bundles of fine sympathetic fibres of varying thickness. In such cases the
sympathetic fibres seem to wind around the neurilemma making in certain cases
the impression that the thin sympathetic bundles would serve for the innervation
of the neurilemma. Sometimes in the thick myelin sheath rings are seen of well-
visible reticular structure which, as judged by their position and structure, appear
to correspond to the larger rings of Golgi’s funnel.

In the specific region of the adventitia, the thick myelinated fibres and un-
medullated thin fibres pass for a while together before diverging and conjugat-
ing with the wall of the media in accordance with their natures and positions.

Of the two kinds of fibres we may now consider the structure of the thick
depressor type.

The descent and branching of the depressor fibres are typical for the pig. As a
rule, the axon is thick, sometimes passing over a long distance without branching,
sometimes branching off soon in a pattern so specific as to enable by itself the
differentiation of the pig’s aortic arch even from that of related animals. The thick
myelinated sheath accompanies the axon sometimes up to its terminal branching.
Here it usually disappears so that it has no role at all in the formation of rich end
plexuses joined in, occasionally also by the terminal rami of several other fibres

Fig. 127).
( 'Ighe sn71)aller and larger terminal rami which arise by branching, themselves
branch off several times. On the terminal rami as well as on the preceding preter-

minal rami a temporary thickening of the axon (which involves a loosening of its
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Fig. 127. Sus scrofa domestica. Receptors in the aortic arch, (a) Main nerve

branch; (b) secondary nerve branch; (c) neurofibrillar intermediary plate; (d)

end branch; (e) neurofibrillar end plate. Bielschowsky-Gros’ method. Micro-
scopic magnification 1150X, reduced photographically to y2

structure and the appearance of broad intermediary neurofibrillar plates in its
descent) may often be seen. Several such intermediary plates may occur in the
descent of the individual fibres. The thin, but occasionally conspicuously beaded,
end fibre continues in a typical end system characterized by mushroom-shaped
or ovoid dense end bulbs, which probably are neurofibrillar end plates (Fig. 128).
The figure shows the branch systems of two thick fibres which, being intertwined
with each other, secure a relatively large area for the depressor distribution. In
the main fibres and in the side branches the neurofibrils are very prominent
here and there. In the descent of fibres there are frequently elliptical or elongate
intermediary plates which, together with the enormous mass of fibres of varying
thickness, almost impose the appearance of nervous tissue upon that portion of
the vessel wall. Almost all terminal ramifications end in a flower of flower-bunch-
lil e pattern owing to the delicate network, i.e. net formed by the fibrils of the end
plates.

In the pig’s aortic arch the terminal fibre systems of the well-impregnated thick
aortic fibres are occasionally so inextricably interwoven with each other that,
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Fig. 128. Sus scrofa domestica. Nerve fibre plexus in the aortic arch, (a) Thick

nerve fibre; (b) neurofibril; (c) intermediary plate; (d) terminal fibre; (e) end

plate. Bielschowsky—6Gros’ method. Microscopic magnification 600 X, reduced
photographically to y2

although the components may be well distinguished under the microscope, their
description or drawing I3 practically impossible. Photography is also inadequate
as only a minor part of these structures may be visualized by this technique,
being as a rule unsatisfactory for the understanding of the whole structure.
Therefore, the true picture of these incomparably delicate and complicated struc-
tures can best be illustrated by drawings rendering their description comprehen-
sible. However, in our vast material some preparations suitable for photography
have been encountered. Such a picture is shown in Fig. 129. It shows two thick
fibres and their terminal systems. The picture clearly reveals the myelin sheath of
the main fibres as well as the delicate terminal rami, both dense and structured.
There are also some complicated, yet well-defined pictures which yield a more
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Fig. 129. Sus scrofa domestica. Baroreceptors in the wall of the aortic arch, (a)
Thick fibre; (b) terminal fibre; (c) end plate. Bielschowsky-Gros’ method.
Microphotography.
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comprehensive view of structure
and connections and more con-
clusive information on the unity
of structure and function. In such
pictures the rich branch systems,
the intermediary and end plate
systems of the fibres may be
studied together. The figure pre-
sented here seems to be par-
ticularly adequate for the purpose
(Fig. 130). On the thick fibreshown
in the figure the thick mye-
lin sheath, Ranvier’s invagina-
tions, neurilemmal nuclei and
the axon of varying diameter are
clearly apparent. The latter di-
vides into two branches after
having lost its myelin sheath. The
relatively thick “daughter” rami
pass on diverging from each other,
each showing regular alterations
of their thickness along its des-
cent. Subsequently both of them
subdivide into numerous rami
showing alternately thick and thin
portions. From these rami arise
fibres which are initially dense in
structure, later on broaden in a
lamella-like fashion showing fine
fibrillary structure and finally,
after gradual subdivision, attach
to the vessel wall in the form of
larger plates. The lamella-like
broad terminal rami seem to be
structures of prolonged end con-

Kir:. 130. Sus scrofa domestica. Nerve
end organ in the aortic arch, (a) Axon;
(b) myelin sheath; (c) intermediary
plate; (d) end fibre; (e) neurofibril;
(f) nerve end plate. Bielschowsky-
Gros’ method. Microscopic magnifi-
cation 200X, reduced photographi-
cally to y2
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Fig. 131. sus scrofa domestica. Aortic arch; receptors in the tunica adventitia,
(a) Connective tissue; (b) nerve fibre; (c) varix; (d) end plate. Bielschowsky—
Gros’ method. Microphotography
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Fig. 132. Sus scrofa domestica. Baroreceptor in the aortic arch, (a) Thick nerve

fibre; (b) neurofibril; (c) intermediary plate; (d) end fibre; (e) end plate. Biel-

schowsky-Gros’ method. Microscopic magnification 600 X, reduced photo-
graphically to y2

nections truly reflecting the extensive and close relationship of depressor fibres
with the elements of the host tissue.

Thinner secondary fibres, derived by the branching of the main fibres, are
characterized by the presence of round or oval intermediary neurofibrillar plates,
adjacent to their endings (Fig. 131). The oval shape is of special importance,
being a specific feature of the pig’s aortic nerve end fibres. No such oval formations
have been encountered in the aortic arch of any other mammal. In other animals
and also in man, the plates are broad, elongate and often of ivy-leaf shape, whereas
in the pig they are in the majority of cases spherical or ovoid. Naturally, the
dense or neurofibrillar appearance of the plate in the microscopic picture depends
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also on the section’s thickness and impregnation (Fig. 132, Plate Il/c, p. 63).
The large round spheres attached to the branches by thin end fibres, like apples
hanging on a long stem, are so characteristic of the pig’s aortic nerve fibres that
their presence in an unknown preparation is by itself a proof of its origin from
the pig’s aortic arch.

If one has the good fortune to obtain a microscopic picture which shows the whole
end structure ofa thick fibre, this is characterized by homogeneous beads, button-
like bodies, regular neurofibrillar plates with elongate neurofibrillar ribbons here
and there. Sometimes these structures are strikingly clear. Perhaps the most beau-
tiful picture encountered in our material of the pig’s aortic arch is that shown in
the figure below (Fig. 133, Plate I/d, p. 48). This picture shows a thick fibre, thicken-

ing towards the periphery and dividing into daughter rami which broaden mark-
edly here and there. The thickening of the main fibre may sometimes attain more
than twofold of its original diameter. This is of interest because as yet similar
structures have been encountered only in the crista acustica of the carp. There the
thick fibres of the vestibular nerve, when reaching beneath the epithelium, thicken
by 3-4-fold of their original diameter and from that conspicuously thick portion

exit the side branches which, after rich ramifications, enter between the sensory
cells of the crista. Circumstances are the same in the pig’s aortic arch. The nerve

fibre thickens markedly and divides into branches, which also thicken, either
immediately after exit or somewhat later. At these sites the collateral branches
thicken so markedly that sometimes they exceed by 2-3 times the dimension of
the main fibre. From these enormously thickened lateral branches exit inter-
mediary branches of similar structure as well as end rami carrying a vast system
of terminals located in the connective tissue insula protruding into the media.
In general, the terminals are dense or are reticular plates of varying lengths.
Owing to their large mass, they lend the appearance of a coherent neurofibrillar
terminal net to the vessel wall portion contacting with the fibre end system.

In the majority of cases, the terminal system of the individual depressor fibres
does no t cover a larger area. Yet, sometimes the terminal rami may pass over a
relatively long distance from the site of branching. Such relations are seen in the
next figure (Fig. 134), which shows a myelinated lateral branch of a myelinated
main fibre. The lateral branch is seen to subdivide into two new rami, each carrying
a complete terminal system. Rami arisen from the lateral branch are relatively
thin, non-myelinated and cover a fairly long distance before giving off their termi-
nal branch systems. In the terminal rami, the neurofibrils are clearly apparent
here and there and in their descent there are many intermediary plates, sometimes
elongate or tapering, then again neurofibrillar in structure. The delicate terminal
rami arisen by the subdivision of side branches continue in smaller or larger
neurofibrillar plates which, bordered sharply against the surrounding tissues,
attach to more extensive portions of the wall (Fig. 135).

Infrequently there have been encountered pictures showing monopodial branch-
ing, sometimes even two subsequent ones. In such cases the typical undulating
descent of the thick fibre could be followed up over a longer distance. From the
main fibre exited later four side branches in nearly completely monopodial fashion.
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Fig. 133. Sus scrofa domestica. Baroreceptor in the aortic arch, (a) Thick nerve
fibre; (b) terminal broadening; (c) neurofibril; (d) end plate. Bielschowsky’s
method. Microscopic magnification 400 X, reduced photographically to %
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Fig. 134. Sus scrofa domestica. Aortic arch; repectors in the tunica adventitia,
(a) Connective tissue; (b) nerve fibre; (c) varix; (d) end plate. Microphotography
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Fig. 135. Sus scrofa domestica. Baroreceptor in the aortic arch, (a) Axon; Ib)
myelin sheath; (c) nucleus of neurilemma; (d) intermediary plate; (e) neuro-
fibril; (f) end plate. Bielschowsky’s method. Microscopic magnification 400 X.

reduced photographically to '2
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Al of them were surrounded by myelin sheath and neurilemma. The neurilemmal
nuclei, too, were well visible. Of the three fibres the middle one was the thickest
and appeared to be of central character throughout. This was indicated by its
subdivision into three branches, again in a monopodial fashion instead of covering
a long distance as before. The branches were myelinated, the end rami started
terminal ramification and plate formation after a variable length of descent. From
the terminal rami exited delicate lateral branches in all directions in space. These
often carried roundish, sometimes markedly elongate intermediary neurofibrillar
plates from which sometimes extended delicate lateral processes. There is little
doubt now that these seemingly unorganized plates are actually forming a coherent
neurofibrillar system serving for the enhancement of parallel contact as well as
for rendering the connection between vessel wall and nervous system more close
and extensive. Naturally, the same function is shared also by the very variable
and delicate neurofibrillar plates whose description is superfluous being well
visible in the adjacent figure (Fig. 136).

In the pig’s aortic arch, large intermediary plates are frequently present in the
descent of depressor fibres. The identification of their precise nature is rather
difficult. They may be supposed to originate from pathological alterations, func-
tional arrangements, alteration involved in the pig’s fattening or simply post-
mortem phenomena. Anyway, it is of interest that although similar structures
have been observed in the descents of all depressors hitherto examined, in no case
were they comparable, either in size or frequency, to those found in the pig. Some-
times these plates are dense and homogeneous, sometimes markedly fibrillar or
even fringed at their margins. Some of them are roundish, others elongate, irregu-
lar or winding. Sometimes they are conspicuously large and relatively homogeneous.
They do not contain neurofibrils and in general they seem to be formed simply by a
spilling of the neuroplasma at the given sites (Plate 11/c, p. 63). This phenomenon
is the more conspicuous as the fibres keeping the plates together are relatively

thin. Since in the pig the phenomenon is not accidental but rather frequent, the
investigator is naturally seeking for a feasible explanation of that uncommon
phenomenon. The question is, whether the structure is normal or pathologic. The
rarity of similar phenomena among the peripheral sensory nerve fibres is suggestive
of their pathologic nature. Yet, one reasonably enquires why such formations
appear only among the depressor fibres and in larger masses even there exclusively
in the pig. At present, we are bound to leave these questions unanswered. Tenta-
tively we may, however, state that in our opinion the phenomenon is not patho-
logic, being apparently due rather to age and, perhaps, alsoto obesity. Evidence
remains to be derived from comparative morphological studies in relation to the
way of life, general condition and age.

Having described some types of terminal structures, we are now concerned
with their location, fine structure and connection with the individual histological
layers of the vessel wall. According to our observations, receptors of the aortic
wall are located along the inner surface of the adventitia where it conjugates
with the media. This finding has been temporarily considered by us of general
value, thus we observed from this angle the aortic nerve’s terminal structures
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Fig. 136. Sus scrofa domestica. Baroreceptor in the aortic arch, (a) Axon; (b)

myelin sheath; (c) nucleus of neurilemma; (d) terminal fibre; (e) intermediary

plate; (f) end plate. Bielschowsky’s method. Microscopic magni-ficatioii
1150X» reduced photographically to %
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Fm. 137. Sus scrofa domestica. Transverse section of the aortic arch, (a) Tunica

adventitia; (b) tunica media; (c) connective tissue bundle; Id) smooth muscle

cells; (e) connective tissue fibres; (f) nuclei of connective tissue cells; (g) nerve

fibre; (h) nerve ending. Bielschowsky-Gros’method. Microscopicmagnification
600 X , reduced photographically to %

in all mammals examined. Later on the location of nerve fibre terminals was
examined also in longitudinal and cross sections, revealing that occasionally the
depressor fibres enter also the media. Simultaneously it was found that end plates
occur in large numbers not only in the inner layer of the adventitia but also in the
connective tissue septa between the media’s muscle layers. This implies that the
depressor fibres and vessel walls are associated more closely than originally be-
lieved. Their interconnection is close, primarily because endings occur also in the
region of the media and secondly because beside the tangentially located, flat
membranes there are also some end plates situated perpendicularly to the vessel
wall.
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The pig’s aortic arch was examined also with respect to the position of depressor
fibres. 1t was found that depressor fibres pass deep into the aortic wall, but in
every case through a small insula of the adventitia extending into the media.
Here the depressor fibres pass at right angles to the vessel wall’s longitudinal axis
through three-quarters of the media where they end freely within the connective
tissue insula (Fig. 137).

Having clarified the site of ending of depressor fibres, let us consider the details
of their structure. As outlined previously, the terminals themselves are spherical
or elliptic, sometimes markedly elongate structures which in impregnated and gold-
treated preparations exhibit occasionally a homogeneous, or sometimes a neuro-
fibrillar appearance. If the terminal plates and their associated fibres are exam-
ined under high-power magnification, neurofibrils become apparent immediately
before the termination of end fibres. The neurofibrils either pass parallel or run
across and across each other to constitute a network. They may be studied also in
the terminal plate where they form a loose plexus with each other. The terminal
plates appear to be circumscribed units not connected with the host tissue. In
their environment, cytological or histological structures suggestive of a structural
or functional relationship are entirely absent.

Calf (Bos taurus)

In the calf, one part of the receptor field is found on the anterior, or lower
portion of the aortic arch adjacent to the ligamentum arteriosum Botalli. The aortic
nerve enters the aortic wall above that ligament, gives off branches and passes
towards the arch’s concave part and to the brachiocephalic trunk.

The fibres enter the adventitia from the periadventitial connective tissue at the
arch’s convex side, in the form of smaller and larger bundles accompanied by
smooth, undulating sympathetic fibres of varying dimensions and in varying
numbers.

In the adventitia they exit from the bundles and subdivide gradually into
thinner branches. They are vagal sensory fibres and are accordingly conspicuously
thick. A typical feature of them is the thick myelin sheath to which attaches a
relatively thick neurilemma whose nuclei are spaced relatively closely to each other.

In every case, sensory fibres of the aorta have a typical appearance but seem
to be still more special in the calf’s aortic arch where they carry homogeneous
varices of particular shape and arrangement over their entire descent. Experience
has revealed that although these structures are in general characteristic of aortic
receptors, they show quite particular forms in ruminants. Sometimes they appear
as large folds in immediate sequence so as to lend the fibre the appearance of an
accordion. In such cases the beads are arranged unilaterally like drumsticks
beneath the thick myelin sheath (Fig. 138). Similar, but flatter and broader
formations are frequently seen also in the fibre’s terminal branch system. On the
axon there are often indentations of varying sizes, sometimes very deep. Occasion-
ally, the whole axon appears to be torn at the edges. Quite frequently in the
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Fig. 138. Bostaurus. Nerve end body in the wall of the aortic arch, (a) Myelin

sheath; (b) axon; (c) varix; (d) intermediary plate; (e) end plate; (f) branching;

(g) loose coil; (h) nucleus of neurilemma. Bielschowsky-Gros’ method. Micro-
scopic magnification 930 X >reduced photographically to %
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Fig. 139. Bos taurus. Aortic arch; receptors in the tunica adventitia, (a) Con-
nective tissue; (b) axon; (c) varix; (d) end branch; (e) intermediary plate;
(f) end plate. Bielschowsky-Gros’ method. Miorophotography
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axon’s path largo angular homogeneous plates are seen connected with each
other only by very thin linking pieces. Spherical, ovoid or elliptical thickenings,
characterized by marked variation in shape and size, are still more frequently
apparent. Less often, also large homogeneous beads, of spherical or elliptic shape,
are seen inthe axon’s path. Similar formations being very scarce in other regions of
the nervous system, one is bound to raise the question of what their precise role and
actual importance might be. One may again consider the possibility of pathologic
phenomena, but then all sensory fibres encountered in the calf’s aortic arch should
be considered pathologic. This is not entirely impossible, but we would then have
to accept the proposition that pathologic alterations of the aortic sensory system
are fairly common in adult cows.

The specially structured myelinated fibres usually branch off in a dichotomic
fashion, often several times, then continue in gradually narrowing rami. Passing
beneath or beside each other these rami form loose-structured end trees or coils
of varying size whose narrowing terminal fibres end in triangular neurofibrillar
end plates (Fig. 139).

The type of ramification constituted by three branches arising at the same site
from the main fibre is not infrequent either. Such fibres usually ramify in the same
tree-branch fashion throughout their further passage. Sometimes again the fibres
show no particularities at all. descending in a slightly undulating way and show-
ing smooth edges and only a few lateral rami. The fibre itself may be followed over
a long distance, starting to give off branches only towards its end, but there it
ramifies richly. The terminal rami run a long winding path and constitute a coil-
like pattern. This is, however, no true coil as in its inner part there are many
intermediary neurofibrillar plates and end plates. From such end systems smooth,
thin ultraterminal fibres often arise which either enter other end systems or,
after a shorter path, return to the original one.

There are some sensory fibres which pass on independently of other similar
structures and show an end system which though complicated is yet clearly vis-
ible. Naturally, the appearance of end systems in the individual section de-
pends not only on chance but also on the efficiency of the processing technique.
The success of cutting is a matter of chance which determines whether the sec-
tion will comprise complete or incomplete end systems. The impregnation tech-
nique, however, depends on the adequacy of the chemicals used as well as on
the skill of the operator. If both the cutting and the impregnation have been
successful, primary, lateral and terminal branches as well as end plates will be
clearly apparent. A particularity of branch systems, resp. end branches, present
in the aorta is that occasionally they may become unbelievably narrow, then
agam attain or even exceed their original diameters. Of the terminal branches the
thicker ones are compact, seldom showing neurofibrils. Secondary or tertiary
lateral branches are, on the other hand, usually markedly fibrillar (Fig. 140,
Plate I11/a, p. 237).The neurofibrils vary in thickness. Their descents are usually
parallel, although they may show marked divergence from each other in places.

The tertiary rami continue in winding end branches which carry the terminals
at their ends. The shape, size and structure of terminals may also vary within
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PLATE 111

(2)
(b)
(c)
(d)

Bos taurus. Arcus aortae; receptors in the adventitia
Bos taurus. Arcus aortae; receptors in the adventitia
Homo. Terminal system of nerve fibres in the aortic arch
Bos taurus. Arcus aortae; receptors in the adventitia
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Fig. 140. Bos taurus. Nerve end organ in the wall of the aortic arch, (a) Axon;

(b) branching; (c) end plate; (d) intermediary plate; (e) varix; (f) neurofibrils?

Bielschowsky-Gros” method. Microscopic magnification 315X, reduced
photographically to %

one and the same end system. At the ends of very thin end fibres there are end
beads or plates, which may be dense or sometimes loose and fibrillar in structure.
Some of the end plates are large and of angular shape; inside them the neurofibrils
form a closed plexus. These plates are attached by delicate stems to some terminal
fibres of the rich tree-like branch system like fruits on a tree. In respect of the
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Fig. 141. Bos taurus. Nerve end organ in the wall of the aortic arch, (a) Main

branch; (b) lateral branch; (c) end branch; (d) neurofibrils; (e) end plate; (f)

intermediary plate. Bielschowsky—Gros’ method. Microscopic magnification
675 X meduced photographically to v3
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varying positions and shapes of branchings we note the special circumstance that
at the exit of the delicate terminal rami many of the main fibres show a triangular
thickening (Fig. 141, Plate I1l/d, p. 237).

Chance and care may vield preparations showing beside the beaded main fibre
and its entire terminal ramification also the end plates in almost complete number.
Often even the fine structure of the end plates of special shape, dimension and
position is clearly apparent. The latter are mostly large and triangular; occasion-
ally they may extend processes of varying sizes. Naturally, other forms than the
triangular shape are often seen (Fig. 142).

In the plates the neurofibrils form plexuses. These plexuses may be sufficiently
clear as to allow their study even at the highest magnification. Therefore, consider-
ing that the nerve supply of the aortic arch consists not so much of a lamellar
system extending in a single plane as of several rich nerve end tree systems, each
of whose end branches terminate in neurofibrillar end plates, it may be easily
imagined what a considerable area of the vessel wall may be linked with the nervous
system even by the end system of a single thick fibre (Fig. 143).

Terminal systems constituted by the branch system of several sensory fibres
are still more complicated. Pictures of such structures show rich systems compris-
ing inextricably interwoven plexuses and practically innumerable intermediary
and terminal plates. Naturally, there is a wide variation in their appearance de-
pending on the system’s constitution by one ortwo thick fibres. Since all end sys-
tems are characteristic of the calf, some more typical forms are described below.

Of the end systems constituted by several fibres those joined by a single thick
fibre are of the simplest structure, yet they, too, comprise many “alien” fibres
sent by similar end systems. The latter crisscross in the main fibre’s end systems,
to constitute plexuses. In these plexuees, uniformly involving the non-branching
part of the main fibre as well as its terminal portion, many angular and oval end
plates of varying dimensions are seen to conjugate either with the main fibre’s
or with the alien fibres’ terminal branch system.

Sensory end systems constituted by several fibres may be more complicated
owing to the fact that the nerve fibres occasionally join not only the peripheral
part of the end system but may also accompany the main fibre as well as its
branches. The end systems formed in such cases are so complicated that their
precise drawing is practically beyond consideration. Should we, nevertheless,
attempt their illustration by drawing, we do it because even the best photos are
but weak and worthless imitations in comparison to the original microscopic
picture. In the majority of the cases, photos indicate only the presence of nerve
endings conjugated with each other and the host tissue as well. Naturally, this
does not mean that we question the value of microphotography. We only note
that it is not reliable enough for recording the structures and connections in so
rich and morphologically so variable forms as, for example, the receptor appara-
tuses of the peripheral nervous system. In our opinion, drawing and microphoto-
graphy are illustration methods mutually competing each other, whence they
must not be used separately, only together. The illustration material of this book
has been compiled on the basis of this principle. Anyway, we do not claim that
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Fm. L42. Bostaurus. Arcus aortae; receptors in the tunica adventitia, (a) Con-
nective tissue; (b) axon; (c) intermediary plate; (d) end plate. Bielschowsky—
Gros’ method. Microphotography
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Fig. 143. Bos taurus. Nerve end organ in the wall of the aortic arch, (a) Axon;

(b) varix; (c) end fibre; (d) intermediary plate; (e) end plate; (f) neurofibrils.

Bielschowsky-Gros’ method. Microscopic magnification 600X, reduced
photographically to ,/3

the drawings presented in this volume are particularly accurate or accomplished.
The complicated structure of terminals, and the large mass ofend plates and fibres
of different calibres, could not be adequately depicted even by drawing. In this
light even the best drawings seem to be but poor imitations when compared to the
original. 1 mention this to exclude ab ovo the unprofessional opinions stating that
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drawings usually represent more details than had been in the original preparation.
In contrast, they actually represent only a small part of the details seen in un-
believably large masses and wonderful clearness in successful preparations. The
fact that in neurohistology drawings are more appreciated than photos is that the
latter allow no information on details.

In the majority of cases the sensory fibres go to the end apparatuses in groups

and remain associated also on their further paths. Thus their end apparatuses
link large areas of vessel walls and tissue layers with the fibre groups. Naturally,
preparations showing the entire system of these fibres have only been seldom
encountered. In most cases only the end system of one or the other receptor is
seen. Nevertheless, even then the picture is rich enough in details to give precise
information on the extent of physiological valency.

Sometimes several thick fibres pass adjacent to each other, then separate and
become undidating. Later on the fibres again approach each other and through
their intertwined various side branches form a complicated sensory end apparatus
impossible to reproduce reliably either by photography or by drawing. Yet
precise drawings may give a certain impression of the considerable mass of end
fibres of different origin and arrangement in such complex but homonomous end
plexuses. The end fibres are either sharply fibrillar throughout their whole lengths,
or may show intermediary plates of variable shape in their paths. Intermediary
plates as well as end plates render the system suitable for receiving stimuli from
all directions (Fig. 144. Plate Ill/a, p. 237).

Among the end systems constituted by several main fibres, structures composed
by the end systems of three or, more seldom, four thick fibres have often been
encountered. In such cases the end plexuses are so dense that the branch systems
belonging to the individual main fibres can only be followed with difficulty.
Some branches appear to be mainly stimulus-conducting formations. Yet, even a
few of these also contain end plates which are fibrillar in structure, angular in
shape and which together with the intermediary plates constitute the receiving
portion of the reception system.

Another not infrequent form of end systems is represented by the transition
of the thick fibres’ branches into obvious undulating terminal rami carrying
spheroid or elliptic end plates on their delicate terminals. Both plates and terminal
rami show neurofibrillation. The end plates are sharply bordered against each
other as well as against the host tissue, any kind of transition being absent (Fig.
145, Plate I1l/b, p. 237).

In case of a successful microtechnical preparation, the appearance of coarser
networks may be avoided in the microscopic picture and sometimes even the
fibres of the end plexus may be visible in but very low number. End plates,
however, may be visible in such large numbers that they seem to fill almost the
entire field of vision. In these pictures the shapes, structures and connections of
the end plates may be readily studied. It is particularly clearly seen that the end
plates which mostly consist of small-mesh networks are independent.

The loose coil-like pattern formed of the thick fibres’ terminal system is often
embraced by the stem part of a markedly undulating thick fibre. Although this
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PLATE IV

(a) Bos taurus. Heart; Receptors in the endocardium of the right atrium

(b) Felis domestica. Heart; Receptors in the endocardium of the right atrium
(c) Felis domestica. Heart; Receptors in the endocardium of the right atrium
(d) Sus scrofa domestica. Arteria coronaria cordis; Ramus circumflexus.

Receptors in the adventitia
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Fie. 144. Bos taurus. Nerve end organ in the aortic arch, (a) Axon; (b) branch-

ing; (c) intermediary plates; (d) end p'ates; (e) varix; (f) end branch; (g) neuro-

fibrils. Bielschowsky-Gros’method. Microscopic magnification 675 X, reduced
photographically to I/3
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Fig. 145. Bos taurus. Nerve end organ in the wall of the aortic arch, (a) Axon;

(b) neurofibrils; (c)varix; (d)branching; (e) end branch; d) intermediary plate;

(9) end plate. Bielschowsky-Gros’method. Microscopic magnification 675 X,
reduced photographically to %

gives the impression that the end system as a whole is the terminal branch
system of a single thick fibre, closer examination reveals that secondary branches

joining the system from a lateral direction are always clearly visible.
With respect to the above discussed types of multi-fibre end systems we should
like to emphasize that their grouping on the basis of being constituted by one or
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PLATE V
(a) Felis domestica. Nerve end organ in the right atrial endocardium
(b) Homo. Nerve plexus in the carotid body

(c) Canis familiaris. Sinus caroticus; nerve fibre system in the adventitia
(d) Homo. Nerve endings in the carotid body
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more thick fibres is not always reliable. In some cases, fibres seen to pass in groups
of two or three may belong to the intermediary branch system of a single fibre.
This may be inferred from certain occasionally encountered pictures (Fig. 14G.
These pictures, covering as a rule a larger area, show that the rich system
(looking like the end system of two descending thick fibres in parallel) actu-
ally belongs to a single fibre. The same is apparent in the previous figure,
showing a thick fibre to divide into two similarly thick, smooth, slightly undulat-
ing fibres. Over a long distance these branches run parallel, then ramify several
times. The new branches are headed and distribute gradually to further rami.
As a result of repeated ramifications, delicate end systems are formed, which are
relatively loose in structure, their fibres run parallel and continue in tapering
sharply fibrillar end plates. Hence in every case when such systems appear in
preparations not showing the main fibre, they are considered multi-fibrous end
apparatuses.

The end formations are usually roughly uniform. Most of them are triangular
or multiangular flat plates but some of them are rather spherical or elliptic.
Structurally they are neurofibrillar networks or nets. Neither inside, nor between
them, were detected mural formations of specific or functionally important
nature. To obtain reliable information on the end connection, one of our best
preparations was examined under very high magnification and the microscopic
picture was sketched (Fig. 147). The drawing was prepared by an instrument and
it reflects the microscopic image as truly as possible. In our opinion, this picture,
representing the entire end system of a single terminal fibre, speaks for itself
and requires no explanation.

In addition to the above description of several types of end apparatuses, |
should like to mention a structural peculiarity seen so far beside the calf only in
the pig. This is the independent blood supply of certain receptor end apparatuses.
The end system is surrounded by a capillary which borders it entirely against the
adjacent areas. In certain cases, some parts of the end apparatus are outside the
capillary loop, but mostly all constituents remain inside it. When | saw this
phenomenon first, | considered it a chance observation and attached no impor-
tance to it, but having seen it repeatedly, now | consider it interesting and typical.
I explain the phenomenon by the fact that here and anywhere, larger and more
extensive nerve apparatuses require special nourishment and richer oxygen supply.
Moreover, also owing to continuous functional activity also the production of
metabolites and carbon dioxide is larger. Hence it is evident that end systems are
surrounded by a separate capillary loop although no other capillaries are present
in the adjacent areas of the microscopic picture (Fig. 148).

Stimulus-receiving systems, described in detail in the foregoing text, were
detected in tangential sections obtained from the outward parts of the vessel
wall. At first sight these pictures give the impression that the end plates are

Fig. 140. Bos taurus. Nerve end organ in the wall of the aortic arch, (a) Main
branch; (b) lateral branch; (c) branching; (d) varix; (e) end plate; (f) neuro-
fibrils; (g) intermediary plate; (h) end branch. Bielschowsky—Gros’ method.

Microscopic magnification 800 X, reduced photographically to V3
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Fig. 147. Bos taurus. Neurofibrillar terminal system in the wall of the aortic

arch, (a) End fibre; (b) intermediary plate; (c) end plate; (d) neurofibril. Biel-

schowsky—Gros” method. Microscopic magnification 1800X» reduced photo-
graphically to ¥3

arranged in an outward to inward direction, forming several layers in the receptor
field. Later on we prepared cross-longitudinal, then circular cross sections. These
revealed that thick fibres and end systems penetrate as far as the middle of the
aortic wall. Here they ramify and also their end plates are arranged transversely
inside the vessel wall. Accordingly, end plate systems present in the calf’s aortic
arch arrange not only superficially above or beneath each other but also trans-
versely, occupying a deeper position within the vessel wall.
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Fig. 148. Bos taurus. Capillary loop around the nerve end plates, (a) Axon; (b)

varix; (c) end plate; (d) capillary; (e) nucleus of the connective tissue cell; (f)

nucleus of the endothelial cell. Bielschowsky-Gros’ method. Microscopic
magnification 600 X >reduced photographically to %

Cross sections also revealed that end plate systems never extend beyond the
middle of the vessel wall’s thickness. Since Bersch claimed that receptory end
apparatuses were localized in the intima, we examined these sections with special
care. Numerous sections were impregnated and examined thoroughly but in no
case were the thick fibres seen to extend beyond the middle of the vessel wall’s
thickness.

Bersch found in a small well-defined area in the intima of the rabbit’s aortic
arch 1520 [i long, dense bodies of pear, club, spoon or cone shape, giving rise to
numerous, wound fibres. In his opinion, these structures located near to the in-
tima’s endothelium and “wie die heliotropen Zweige einer Pflanze dem Licht”*
they turned towards the endothelium, i.e. the lumen. These particular bodies were
considered by Bersch nerve endings and termed “corpuscula originis nervi de-
pressoris”, although as stated by him *“ein ununterbrochener Zusammenhang mit

* “like the heliotropic branches of a plant towards light”.
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Fig. 149. Oryctolagus cuniculus. Sensory nerve endings in the wall of the aortic

arch, (a) Main fibre; (b) terminal fibre; (c) end plate; (d) smooth muscle cell;

(e) nucleus of the smooth muscle cell. Bielschowsky-Gros’ method. Micro-
scopic magnification 1800X, reduced photographically to y2

den ausfuhrenden Nervenfasern, die von der Media ab nach aussen zu verfolgen
sind, nicht gefunden werden konnte”.* In my opinion, the bodies whose pictures
have been attached by Bersch to SOME of his publications are not nerve elements.
If they are, the term “corpuscula originis nervi depressoris” is erroneous as the
depressor nerve terminates rather than originates in the aorta’s wall. | studied

*“ .. there was no connection detectable with the exiting nerve fibres which may
be followed outwards from the media.”
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the innervation of the rabbit’s aortic wall myself and found that there, too, the
depressor fibres end in the media and their end structures do not differ notably
from those encountered in other areas (Fig. 149). In contrast with all opposed
views | state that during examinations on other material, | failed to detect nerve
fibres in the tunica intima of the vessels of birds as well as of mammals. I, too,
was surprised to have arrived at this conclusion as this infers the absence of nerve
supply in a considerable area of the blood vessel’s walls. Yet this is a fact in view
of which theoretical considerations must retreat.

To throw a light on the function of receptors as derived from the vessel wall’s
structure as well as on the physiological role of the vessel wall, | prepared longi-
tudinal and cross sections thereof. They revealed that the general pattern derived
from histological examinations does not apply to the calf’s aortic arch. Prepara-
tions stained with haematoxylin and eosin, van Gieson’s or resorcin-fuchsin
showed that the typical layers easily distinguishable in the arteries in general,
and particularly in man, are absent in the calf. Outwards, the vesselwall is bordered
by a well-developed periarterial connective tissue layer rich in fat cells, transform-
ing gradually into collagenous connective tissue. Thismay be reasonably considered
to be an adventitia. The tunica intima displays the general type of arterial intima,
but conditions differ radically in the tunica media, as described below. Smooth
muscle bundles of varying dimensions pass circularly and also longitudinally and
between them layers of loose structure, constituted mainly by elastic fibres, are
present. In view of this arrangement of the histological layers, our concept of the
positions of receptor apparatuses may be put as follows. Receptor assemblies
extend beneath and above each other not only in the adventitia but penetrate
also into the media extending not only on the muscle bundles but also forming
endings in the elastic layers between them. Owing to this position, the effects of
both outward and inward pressure changes are conducted more rapidly to the
afferent endings and also the movements of the wall’s layers are more readily
perceived.

Now that the localization, structure and positions of receptors have been de-
scribed, the question arises where are the fibres supplying the receptor assemblies
with nerv e endings are coming from and what relationship they may have with the
vagus, or the cervical sympatheticus. In this context it may be considered whether
or not the calf has an independent aortic nerve and, if so, where this nerve arises,
what path it takes and what relationship it haswith the sympathetic nerve. A sat-
isfactory answer to these questions is beyond the scope of neurohistology.
Nevertheless, as certain literary reports have already pointed in the right direc-
tion and also these aspects have to be correlated to, and brought into harmony
with, the organism as a whole, | have to survey them briefly in this volume, the
more as a linking of anatomical and histological examinations usually offers
a reasonable basis for predicting the probable trend, mode and extent of
function.

The nerve claimed by certain literary reports to supply the above described

receptor assemblies is actually the nervus depressor (aortic nerve), discussed in
detail and often cited inanother context in the foregoing text. Attempts to describe
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the origin and descent of this nerve for the calf were made by Witi (1884), Dogiel
(1911) and Perman (1924). It should be noted, however, that the findings of these
authors hardly went beyond stating that all ruminants have a common vagosym-
pathetic sheath and, as noted by Koch, “Ein Ramus aorticus ist bei ihnen am Halse
nur schwer oder gar nicht zu finden” .* The actual situation was most closely defined
by Perman, who found that both the right and left vagus sent a thin branch
to the origin of the common arterial trunk at the site where the arteria anonyma,
arteria carotis communis and arteria subclavia sinistra arose. Thus, should the
calf have any aortic fibres, they must pass in that branch. This is, however, valid
only when the typical receptor apparatus is demonstrable in the branching area of
the nerve in the vessel wall. As described above, there actually exists a complicated
rich receptor field constituted by a system of nerve endings. Its localization is, how-
ever, not precisely within, but only adjacent to, the region suggested by Per-
mann.Thus even in the absence of experiments in which the nerve was cut, they
may reasonably be considered the end system of the nerve described by Per-
mann. This would imply that the calf has got its own specific depressor fibres
which enter the aortic wall together with the sympathetic fibres, and there they
attach to the vessel wall’s outer histological layers by end structures characteris-
tic of the aortic nerve’s receptors.

Buffalo (Bos bubalus)

In both anatomical and histological respect, the buffalo’s aortic arch is very
similar to that of the calf. The slight difference encountered relates mainly
to the larger amount of smooth muscle tissue in the tunica media and a shar-
per bordering of muscle cell columns towards each other. Essentially the inner-
vation is also similar but in the buffalo the aortic fibres are thicker, the alter-
nately narrowing and thickening portions of the axons are still more obvious
and the intermediary neurofibrillar plates are present in a larger number and more
variable shapes in their descents. Nevertheless, these slight dissimilarities do not
interfere with the essentially bovine character of the buffalo’s innervation pat-
terns. The species character is quite pronounced in the descents, structures and
end systems of depressor fibres (Fig. 150). The thick, myelinated varicose fibres
divide, after having lost their myelin sheaths, into numerous thin, less varicose,
occasionally sharply fibrillar rami which conjugate with the vessel wall. The latter
fibres become gradually thinner and run over a long distance, then attach in the
form of smaller or larger enddiscs to connective tissue elements. The end formations
differ slightly from those seen in the calf, as in the buffalo the characteristic large
neurofibrillar end plates are hardly apparent. The end discs are sharply bordered
against the adjacent tissue and conjugate directly therewith. Interstitial cells are
absent and the end connections extend over the whole connective tissue (Fig.
151).

*“A ramus aorticus is found with difficulty, if at all, in their necks.”
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Fig. 150. Bos bubalus. Nerve end fibre system in the well of the aortic arch, (a)

Connective tissue; (b) nucleusofconnective tissue cell; (c)nerve fibre; (d) nerve

fibre plate; (e) neurofibrils; (f) nerve end plate. Bielschowsky-Gros’ method.
Microscopic magnification 400 X, reduced photographically to C,

Goat (Capra ibex)

The goat’s aortic fibres are thick and their axons show a characteristic
structure. Intermediary neurofibrillar plates connected here and there by a
neurofibril-like axon are large and follow each other in a dense sequence. The
myelin sheath is thick and disappears where larger neurofibrillar plates are
making appearance close to each other (Fig. 152). The fibres branch off repeatedly,
new rami arising on a thin base then broadening abruptly so that they exceed in
thickness even the original fibre. The varices are large, their forms and features
show variations even in the same fibre. The terminal connections are just the same
as with the buffalo. The end branches are thin and have no varices, the volum-
inous end plates are missing.
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Fig.151. Bos bubalus. Nerve terminal system in the aortic wall, (a) Connective

tissue; (b) nucleus of connective tissue cell; (c) axon; (d) myelin sheath; (e)

Schwann’s nucleus; (f) varix; (g) intermediary plate; (h) neurofibrils; (i) end

plate. Bielschowsky-Gros’ method. Microscopic magnification 600 X, reduced
photographically to %
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Frei. 152. Capra ibex. Nerve fibre terminal system in the wall of the aortic arch,
(a) Connective tissue: (b) nucleus of connective tissue cell: (c) capillaries; (d)
nerve fibre bundle; (e) axon; (f) myelin sheath; (g) Schwann’s nucleus; (h)
varix; (i) intermediary plate; (j) end plate. Bielsehowsky-Gros’ method. Mi-

croscopic magnification 400 X, reduced photographically to %

Sheep (Ovis aries)

In the sheep, depressor fibres enter the adventitia separately in a rich bundle.
Here they run a long winding path and mingle by repeated exchange with
the sympathetic fibres. The mixed bundles thus arisen diverge from each other
and form a rich system of networks traversing certain portions of the wall so
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Fig. 153. Ovis aries. Nerve plexus in the aortic arch, (a) Connective tissue;

(b) nucleus of connective tissue cell; (c) thick nerve fibre; (d) thin nerve fibre;

(e) nerve fibre plexus; (f) neurofibrils; (g) varix. Bielschowsky—Gros’ method.
Microscopic magnification 400 X, reduced photograhpically to y2

densely that the host tissue is hardly discernible. In these larger plexuses the
thicker, more intensely impregnating, gradually branching vagal fibres are
mostly clearly distinguishable from the smooth undulating typical sympathetic
fibres. It ought to be mentioned here that the large, lamella-like broadened portions
so characteristic of the axons of the dog, pig, calf, buffalo and goat, are absent in
the depressor fibres of the sheep. Here, too, are seen varices of variable dimensions
but they do not interfere with the fibre’s morphology, being homogeneous and
having essentially no bearing on the axon’s diameter (Fig. 153). The relationship
of depressor fibres with the vessel walls may be outlined as follows. Part of the
fibres branch off several times and the rami, crisscrossing each other, constitute
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Fia. 154. Ovis aries. Nerve end plates in the wall of the aortic arch, (a) Con-

nective tissue bundle; (b) nucleus of connective tissue cell; (c) axon; (d) main

branch; (e) lateral branch; (f) varix; (g) neurofibrils; (h) end plate. Biel-

schowsky-Gros’ method. Microscopic magnification 800 X, reduced photo-
graphically to y2

an extensive, delicate, loose coil-like plexus, some fibres of which end in well-
visible terminal bulbs or rings. The larger part of the fibres reach their destination
groupwise, in bundles. Here they exit from the bundles singly or in pairs to
constitute large coil systems, some of which are irregular, others slightly elon-
gate and looser in structure. Again others, seen in a larger number, are well defined,
roundish and denser in structure. In the latter, the ends of certain fibres are well
visible (Pig. 154). The end formations are smaller or larger discs, some of which are
more or less regular in shape, others elongate or chopped at the ends. The discs end
freely and in their environment there are no end formations suggestive ofthe pres-
ence of interstitial cells or other special formations that were responsible for the
conduction of impulses to the receptors.
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Man (Homo sajnens)

The origin, descent and relationship with the jugular, vagal and sympathetic
nerves of the aortic fibres supplying the aortic arch of man have been inves-
tigated by several authors. Yet all of them have failed to clarify or at least
settle satisfactorily, this problem although it has been adequately elucidated
in most of the animals. From the available experimental data Koch has drawn the
following conclusions: “Beim Menschen ist bisher tber den Verlauf der Aorta-
fasern noch wenig bekannt. Auf Grund der Befunde erscheint es kaum mdglich
beim Menschen von einem eigentlichen Ramus aorticus zu sprechen. Die Aorten-
nervenfasern dirften sich vielmehr auf verschiedene morphologische Nerven
verteilen.”*Thus it seems to be certain that humans also have aortic fibres, but
only scanty data have been available on the site of the aortic arch’s wall where
they arrive with the vegetative fibres as well as on their relationship with the
wall’s histological layers. Of the studies performed on the human aortic arch,
those by Seto (1937) should be mentioned separately. He demonstrated that
thick myelinated fibres enter the wall of the human aorta and end in its adven-
titia in the form of neurofibrillar end plates. Seto’ observations have been feasible

in every respect, his results being derived by applying up-to-date techniques.
Nevertheless, he, too, left most details unclarified. In view of this, | devoted a

thorough study to the nerve connections of the human aortic arch, simultaneously
with my examinations on birds and mammals.

My primary aim was to describe the forms of receptors and fine structures.
Secondly, | wished to specify in detail the descent of aortic fibres, their modes of
association with sympathetic fibres, the types of their end systems and the where-
abouts of their terminations. As a matter of fact, this task seemed to be ab ovo
intricate and time consuming, owing mainly to the lack of basic anatomical and
neurohistological knowledge on the localization, path and termination of the
aortic fibres in the vessel wall. Therefore | proceeded from my observations in
mammals and cut the respective portions of the human aortic arch, supposed to
comprise the end systems, into small pieces, carefully marking their precise local-
ization. Subsequently, | sectioned and impregnated all blocks supposed to be of
interest. Naturally, as in previous studies, depressor endings were found to be
restricted to the area at the interface between the tunica mediaand adventitia, |
impregnated only the sections obtained from that part of the wall. This was carried
out with both the anterior and the posterior surface of the aortic arch’s wall.
I believe it does not need special explanation, how tiring and time-consuming this
work had been, particularly when the frequent failures of impregnation are consid-
ered. Yet finally I succeeded in demonstrating that the aortic fibres’ plexuses and
end systems localize in the area enclosed by two roughly parallel fines drawn down-
wards from the truncus brachiocephalicus communis, and upwards from the liga-

*“In man, the descent of aortic fibres has been as yet inadequately known. On the basis
of the available observations, the presence of a true ramus aorticus does not seem to be
very likely. Aortic fibres may be distributed rather in various morphologic nerves.”’
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mentum arteriosum Botalli, not including two narrow wall portions bordering the
convexity and concavity of the arch. The bulk of endings was found in the area
directly facing the ligamentum arteriosum. On the arch’s posterior surface, rela-
tions were roughly similar to those found at the anterior one.

The nerve fibres, seen to intertwine the receptor areas, arrive from the peri-
arterial connective tissue and enter the wall’s convex side in the form of mixed
bundles of varying dimensions. Here in the fat tissue they arrange in bundles so
that the thick aortic fibres gradually separate from the fibre systems forming the
mixed bundles. The latter gradually continue in branches, in some of which the
aortic fibres still pass on in association with sympathetic fibres, whereas in others
only the strongly impregnating thick aortic fibres are seen. Yet before this differen-
tiation ensues, branch systems constituted by the two kinds of fibres join to form
rich plexuses. Then the fibres constituting the plexuses gradually begin to arrange
in a manner that fibres of similar origin approach each other and form groups. In
this arrangement the thin, smooth vegetative fibres form thin branches which
either pass along the vasa vasorum or at some distance from them pass through
the adventitia and go towards the media. The thick fibres descend in an undulating
fashion in bundles so that fibres of varying thickness go repeatedly across each
other, then after a larger or smaller winding the} return to the bundles. A specific
feature of these fibres is their markedly varicose appearance and the formation of
longer or shorter homogeneous plates in their descents.

Frequently, the three or more fibres constituting a bundle diverge from each
other, become undulating and finally form an elongate loose coil. Not infrequently
the end systems of two bundles meet and associate by forming an extensive coil
system in which the fibres’ endings are well seen (Fig. 155, Plate 111/c, p. 237).

Also, human aortic fibres are characterized by varicosity and marked thickness.
Sometimes the varices are so large as to show a cell-like appearance, sometimes
again they are elongate and tapering. The aortic fibres are also characterized by
alternate narrowing and thickening, either assuming their original calibre or, as
common in mammals, even exceeding it. A further typical feature is the frequent
branching, giving rise namely in the terminal portions to rich ramifications arising
occasionally opposite to other similar systems. In the descent of these systems,
neurofibrillar plates are frequently present, while infrequently very delicate, smooth
fibre branchings also occur. The end fibres terminate in dense knots or neuro-
fibrillar end plates which, as judged by their structures, may be considered the end
organs of nerve in end connections (Fig. 156).

The aortic fibres are myelinated. In the majority of the cases the myelin sheath
appears sharply also in impregnated preparations, naturally only on the main
fibres. There is no myelin sheath on the secondary fibres and end fibres exiting
in large masses from the main fibre. Both secondary fibres and end fibres are
beaded and very rich in intermediary neurofibrillar plates (Fig. 157). The neuro-
fibrils pass parallel in the intermediary plates and end plates and form networks
in the latter (Fig. 158).

The ramifications of side branches are in general rich. In fortunate cases, tangen-
tial sections may show the entire end system of a side branch. In such cases, as
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Fig. 155. Homo. Terminal system of nerve fibres in the aortic arch, (a) Nerve

fibre; (b) varix; (c) myelin sheath; (d) neurilemmal nucleus; (e) neurofibrils;

(f) nerve fibre plexus. Bielschowsky-Gros’ method. Microscopic magnification
800 X , reduced photographically to %

shown in Fig. 159. the secondary fibre exiting from the main fibre gives off branches
repeatedly, resulting in an enormous and structurally almost unique system of
intermediary and terminal neurofibrillar plates linking the side branches with
certain larger portions of the wall. In these end systems the appearance of neuro-
fibrillar end plates is typical. Actually they are independent neurofibrillar networks
not associated with similar plates and linking independently with the elements of
the host tissue, viz. with the outer surface of the media. This is convincingly shown
by the microscopic picture. There is no additional peripheral reticular system
which would play a role in stimulus conduction, and whose multipolar cells—as
claimed by certain authors—would anastomose and conjugate, like Cajal’s intersti-
tial cells, partly with the sympathetic and partly with the parasympathetic fibres
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Fio. 156. Homo. Aortic arch; pressoreceptors in the adventitia, (a) Mainbranch;

(b) side branch; (c) end branch; (d) intermediary plate; (e) end plate. Biel-

schowsky-Gros’ method. Microscopic magnification 750 X, reduced photo-
graphically to y2

(Fig. 159). The validity of this statement is amply proven by the preparations
obtained from the aortic arch of individuals of different ages. In these preparations
it is obvious that the fibres and the intermediary and end branches arising from
their ramifications, as well as the end plates, are independent of each other. There
are no anastomoses between the fibres or between the intermediary and end plates
either. If acertain connection appears to exist between the individual fibres consti-
tuting the fibre systems, it is in every case a plexus and never a reticulum. Natu-
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Fig. 157. Homo. Aortic arch; terminal system of nerve fibre in the adventitia,

(a) Collateral; (b) end branch; (c) end plate; (d) intermediary plate. Bielschow-

sky—6Gros* method. Microscopic magnification 1350X> reduced photographi-
cally to M
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Fig. 158. Homo. Aortic arch; nerve terminal system in the adventitia, (a)

Nerve fibre; (b) intermediary plate; (c) neurofibrils; (d) end plate; Biel-

schowsky-Gros’ method. Microscopic magnification 1420 X, reduced photo-
graphically to y2
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Fig. 159. Homo. Aortic arch; nerve fibre terminal system in he adventitia,

(a) Nerve fibre; (b) neurofibrils; (c) varix, (d) intermediary plate; (e) end plate;

(f) connective tissue; (g) nucleus of connective tissue cell. Jabonero’s method.
Microscopic magnification 300 X, reduced photographically to 23
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Fig. 160. Homo. Aortic arch; nerve fibre terminal system in the adventitia, (a)

Main fibre; (b) sidebranch; (c)intermediary plate; (d) end plate. Bielschowsky—

Gros’ method. Microscopic magnification 900X, reduced photographically
to y2

rally, all the aspects discussed above and also those to be discussed below, apply
exclusively to impregnated preparations. | have not worked myself with methylene
blue in this particular field, as on the basis of experiences obtained with this
method elsewhere | still advocate my earlier view that this method, inclusive of its
several modifications, is unsuitable for the investigation of delicate nerve struc-
tures. In general, pictures obtained by staining with methylene blue are helpful and
beautiful, yet—ewing to the thickness of the sections and the diffuse nature of

staining—they are entirely unsuitable for making visible the fine structures and
end connections.

Side branches, delicate end branch systems as well as neurofibrillar plates or
plate systems carried by their terminal rami appear occasionally in an unexpected
richness and accomplishment. Such configurations are seen particularly fre-
quently in the aorta of elder persons and mainly in those whose media contains a
notable amount of sclerotic granules (Fig. 160). In preparations obtained from
these subjects, end plates appear in such a large number as to form a kind of
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Fig. 161. Homo. Aortic arch; nerve end plate system in the adventitia, (a)
Main branch; (b) side branch; (c) neurofibrillar end plate. Bielschowsky—Gros’
method. Microscopic magnification 1000 X, reduced photographically to y2



INNERVATION OF BLOOD VESSELS 269

coherent neurofibrillar veil in the host tissue. This is apparent in the upper part
of the above figure. Naturally this is only an illusion as the proper use of the
micrometer screw would in every case convince the observer that the seemingly
associated end plates are actually arranged at different levels, belong to different
end rami and never anastomose with each other.

The shape and size of end plates are dissimilar. There are smaller as well as larger
ones; in general they resemble ivy-leaves in shape, but also elliptic and oval forms
are frequently seen. Sometimes they are spaced at a distance from each other, some-
times closely. Undoubtedly, the plates actually form much larger groups than those
seen under the microscope. In every case, it has to be considered that the tangential
sections used in our examinations are very seldom parallel with the vessel wall, how-
ever carefully they are cut. Thus in the majority of the cases the end plates are either
transfixed or separated from each other by the cutting operation. Only exception-
ally are sections obtained which are not only properly cut hut also properly im-
pregnated, thus revealing the end branch system and all associated neurofibrillar
end plates with sufficient clarity (Fig. 161). One of these exceptionally successful
preparations is shown in the previous figure: the neurofibrillar interconnections
of the end system are clearly apparent. In our opinion, any further account of
this figure would be superfluous as to the expert’s eye it shows everything that
can be shown at all by a histological preparation. The picture speaks for itself,
giving a detailed information not only to the neurohistologist but to all those con-
cerned with the structure and function ofthe nervous system. Also, it clearly shows
how incomparably delicate and sensitive are the structures which register the
pressure in the vessels’ walls.

After having described the descents of aortic fibres, the forms, structures and
arrangements of endings, we shall further discuss their location according to the
histological layers of the wall, the depth of their penetration into the vessel wall
and their relationship with the different elements of the host tissue. In answer to
the first question we may state that the end plates localize exclusively in the adven-
titia, mainly at the site of its conjugation with the media. Naturally, there are also
pictures giving the impression that the thick fibres and the associated end plate
systems would localize in the media. This is, however, but an illusion proving that
the border between the adventitia and media is not straight, the latter protruding
in the former here and there in the form of islands, carrying also the sensory end
systems. As to the second question, viz. the position of end plates, they appeared
to be flat and to attach to the vessel wall with their flat surfaces.

Pathological Alterations in Human Aortic Fibres

Aortic fibres and also the end organs are characterized by the presence of varices
of conspicuously large size, intermediary plates and homogeneous beads. Sometimes
these appear in such large numbers that they give the impression of being patho-
logical. This was suggested also by a survey of preparations obtained from the
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Fig. 162. Homo. Aortic arch; nerve plexus in the adventitia, (a) Main branch;

(b) side branch; (c) intermediary plate; (d) neurofibrils; (e) end branch; if)

end plate; (g) varix. Bielschowsky—6Gros” method. Microscopic magnification
450 X, reduced photographically to %



INNERVATION OF BLOOD VESSELS 271

aortic arch of persons of different age, sex and different causes ofdeath. Since, how-
ever, particularities may be present at any age and in both sexes and considering
that a similar variability has also been observed in many mammalian species, the
pathological nature of these alterations has no satisfactory experimental support.
Nevertheless, particularly inthe wall of sclerotic aortic arches from elderly people,
there are frequently fibre end formations whose origin seems to be closely associat-
ed with certain histological lesions clearly recognizable in other tissue elements of
the vessel wall. Of these we mention first the marked calcification frequently seen
in the form of dense granules and concretions appearing in a black colour in prepa-
rations impregnated with silver. Although the hulk of calcification appears in the
tunica media, there is no doubt that this process takes place in the outer adventi-
tia, although less obviously. In my opinion, this important physiological process
gives rise to the variable and unusual nerve end systems seen in large masses
particularly in the aortic wall of elder persons (Fig. 102). As shown in the
figure, some of them form such complicated systems that their precise analysis
is practically impossible. It is, however, obvious that the patterns formed by the
ramification of the two thick fibres, the association of their branch systems, the
unusual processes of the fibres as well as the forms and structures of terminations
have developed under a certain local influence. The end system shown in the
next figure (Fig. 163) is just as common as the former. It represents the end
system of a relatively thin, delicately fibrillar depressor fibre, showing all its
typical features as well as many others indicating the influence of external fac-
tors on the system’s development. Also, the picture shown in Fig. 104 should
be considered pathological. The shapes of the fibres as well as their form and

the interconnection of the end plates all testify to the influence of alien factors on
the system.

In some cases the degeneration of the end system can be precisely estimated.
This phenomenon has been encountered mainly in elderly people (exhibiting signs
of degeneration also in the thick fibres themselves), disintegration being par-
ticularly obvious mainly in the end systems. Degenerating end plates fall asunder
in granules, but the end branches belonging to them remain more or less intact.
The fact that degeneration has taken place is indicated not only by the pattern
but also by an unusually strong impregnation of all elements in the system. In
such cases, at the ends of terminal fibres are seen neuroplasmic granules and knots
of variable size, impregnating deep black, and sometimes still suggesting the shape
and structure of an end system. The fact that these systems showing an alveolar
structure and black knots are actually conglomerations derived from the disinte-
gration of nerve fibres is proved not only by the marked argentophilia but also by
the fact that frequently the degenerating fibre systems are accompanied by decay-
ing aortic fibres which, owing to degeneration, themselves display a marked
affinity for silver nitrate. In these cases the depressor fibres had either completely
or partly degenerated. The cause of these phenomena cannot he clarified by the
available neurohistological methods. In any case it was repeatedly found that many
clarified granules as well as conglomerations of varying sizes were scattered in the
media of these aortic arches. It may well be supposed, therefore, that a mass depo-
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Fig. 163. Homo. Aortic arch; nerve fibre terminal system in the adventitia, (a)

Main fibre; (b) side branch; (c) end branch; (d) neurofibrils; (e) intermediary

plate; (fyend plate; (g) varix. Bielschowsky—Gros’method. Microscopic magni-
fication 800 X, reduced photographically to y2
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Fig. 164. Homo. Aortic arch. Nerve end plexus in the adventitia, (a) Main

branch; Ib) side branch; (c) end branch; (d) neurofibrils; (e) varix; (f) intermedi-

ary plate; (g) end plate. Bielschowsky-Abrahdm’s method. Microscopic magni-
fication 600 X ,reduced photographically to %

sition of calcium in the arterial wall also influences the structure of the sensory end
systems. This is also implied by the fact that in such cases signs of degeneration
can also be seen in the vegetative ganglia localized in the periarterial connective
tissue.

Cholinesterase Activity in the Aortic Arch

For the examination of cholinesterase activity, the pig’s aortic arch proved to
be the most suitable model, partly because it was easily accessible immediately
after the animal’s death and partly because the particular structures of fibres and
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Fig. 165. Sus scrofa domestica. Aortic arch; cholinesterase activity in the
adventitia. Pictures 1—6. Microphotographies. Koelle-Friedenwald-Gereb-
tzoff’s method

end plates allowed firm conclusions to be made on the respective nerve fibres and
end organs. This aspect deserves special consideration. In my opinion, at least
in neurohistologically unclarified fields, neurohistological examinations and cholin-
esterase assay should be conducted in parallel. An objective evaluation of the
cholinesterase assay pictures requires a profound knowledge in comparative
neurohistology. In fact, pictures obtained by cholinesterase assay must corre-
spond precisely to those obtained by impregnation. In areas where certain end ap-
paratuses, irrespective whether motor or sensory, are either unknown or are not
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demonstrable by the available methods of neurohistology, the pictures obtained
by cholinesterase assay must be regarded as artefacts.

The examinations were performed with the method of Koelle and Friedenwald,
as modified by Gerebtzoff. The buffer was adjusted to pH 5, and incubation took
place at 40°C for 24-28 hr. The results were surprising. Many pictures were
obtained in which the shapes and descents of aortic fibres were typical for the
aortic fibres of the pig. These pictures indicate that cholinesterase activity, viz.
acetylcholine production takes place also around the aortic fibres and their end
systems. Repeated attempts resulted in pictures which were almost entirely iden-
tical with those obtained by impregnation (Fig. 165).

CAKOTID SINUS (SINUS CAROTICUS)

The carotid sinus is an onion-shaped dilatation of the internal carotid artery’s
initial portion. Greater attention to its structure and function was attracted after
Hering (1927, 1932) who demonstrated that the sinus reflexes (known as Hering’s
sinus reflexes) discovered by him are associated with the carotid sinus’ wall. The
nerve connections of that site had then been unknown to Hering but later histo-
logical examinations proved that he had been right in locating the receptors of
sinus reflexes in the wall of the carotid sinus. The validity of Hering’s hypothesis
based on physiological experiments was confirmed later on also by F. de Castro
and, almost simultaneously, by Sunder Plassmann. Their neurohistological stud-
ies in animal and man revealed that the wall of the carotid sinus comprised
uniformly rich receptor areas whose very richness, together with their structure
and interconnections, were suggestive of their suitability to initiate the sinus
reflexes of Hering through the mediation of the effects of internal or external
pressure on the sinus’ wall. As it is known, one of Hering’s sinus reflexes causes
hypotension; another causes bradycardia.

In this institute, nerve connections in the wall of the carotid sinus have been
repeatedly examined on a variety of materials. Part of our observations has already
been published (1941, 1949). In this volume we summarize the results of our
studies in birds, dog, pig, horse, calf, sheep and man. We describe first our obser-
vations on birds, next those on various mammals and finally on man.

Birds (Aves)

As shown earlier (Muratori, 1934; Nonidez, 1935), birds have no carotid sinus.
In this context the carotid sinus is mentioned only to specify the location, viz.
the area where up to now endings of the depressor fibres supplying the carotid
area have been found. According to Muratori and Nonidez, this site is at the
branching of the common carotid artery, viz. at the location where it divides into
the external and internal carotid arteries. In birds, other names have been used to
designate these branches but the main branchings in the head (carotis externa and
carotis interna) are the same in birds as in all vertebrates higher than fishes.
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The depressor fibres which, according to Nonidez go to the bifurcation in the
form of a separate depressor branch, come partly from the vagus and partly from
the nervus glossopharyngeus, but there are also particularly thin and smooth
fibres which obviously belong to the fibre system of the jugular sympathetic nerve.
Muratori and Nonidez found that these mixed nerve branches enter the carotid
bifurcation and also end therein. Some of them, obviously derived from the vagus
or the glossopharyngeal nerve, are thick, alternately broadening and narrowing,
thus showing a typical “depressor” histological character. The thick fibres, accom-
panied by thin ones, branch over a part of the adventitia, ending partly in its
inner portion and partly in the media, some of them even entering the intima.
According to the descriptions and drawings of Nonidez, their terminals are smaller
end knots or rings, attached to the nerve fibre system by very thin end fibres.

In this institute the localization and structure of depressor fibres in the avian
carotid system have been examined on rich material: chicken {Gallus domesticus),
turkey (Meleagris gallopavo). pigeon (Columba domestica), goose (Anser domesti-
cus), wild goose (Anser albijrons), duck (Anas domestica), montagu’s harrier
(Gircus aeruginosus), common coot (Fulica atra), gull (Larus ridibundus), com-
mon heron (Ardea cinerea), windhover (Falco tinnunculus). The study of frozen
sections processed by various silver impregnation techniques yielded the following
conclusions.

In the carotid bifurcation, at the origin of the internal carotid artery, masses of
thick fibres forming a peculiar plexus are seen in the adventitia. These fibres run
an undulating path and repeatedly criss-cross each other, in some places they
wind and pass on in the opposite direction, then return and approach the
media in the form of a coil-like bundle. At the border, i.e. inside the media, they
start to ramify in a fashion seen neither in any other vascular segment, nor indeed
in the entire area ofthe peripheral nervous system. The following happens: the thick
fibre covers a fairly long distance without showing any obvious peculiarity in its
appearance or structure; it impregnates homogeneously, its margins are smooth,
it contains no neurofibrils and it is non-medullated. Later it abruptly divides into
numerous delicate branches. These fibres pass on closely together, intertwine
and generally speaking form a very long narrow plexus which may well be consid-
ered a reticulum by those inclined to the “reticular concept”. Nevertheless, in
every case, thorough examination under high magnification has convinced us
that it is a plexus and not a reticulum. The parallel plexuses may be followed over
a long distance but it also happens that some of them return in the area of the
undivided main fibre and passing over it, the individual secondary fibres terminate
separately. The greater part of delicate fibre bundles passes in a circular manner
in the adventitia, i.e. media, and innervates it in a stratified fashion (Fig. 166).
Concerning the individual thin fibres and the end fibres formed by their gradual
narrowing, our preparations have shown that they pass circularly in the smooth
muscle over a long distance, then part of them terminates in clearly visible,
triangular plates which usually stain densely. There are also end fibres whose deli-
cate thin terminal branches continue in small circular neurofibrillar nets. As the
end system of each thin fibre comprises several terminal fibres, some pictures give
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Fig. 166. Circus aeruginosus. Arteria anonyms; nerve end plexus in the ad-
ventitia. (a) Connective tissue; (b) nucleus of connective tissue cell; (c) thick
nerve fibre; (d) thin nerve fibre; (e)nerve end plexus. Bielschowsky-Abrahédm’s
method. Microscopic magnification 600 X, reduced photographically to %

the impression that a coherent veil-like neurofibrillar net extends over a certain
part of the smooth muscle. This again is illusory, for the individual end rami and
end plates seen within the coils are independent, neither of them anastomosing
with each other. These observations do not agree with the descriptions of Nonidez.
To bring these dissimilar views in harmony would be beyond the scope of this book.
Nonidez examined the cervico-thoracal region of one-day-old chicks in serial
sections, using the method of Cajal. We impregnated the vessels of adult birds in
frozen sections. The pictures published in this volume were all made from single
sections, this being exclusive of all errors that may result from the misinterpreta-
tion of serial sections and the combinative drawings compiled from them. In any
case, further examination is required to eliminate the discrepancies between our

experimental results and those of Nonidez, and to bring them in harmony with
each other.
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Mammals (Mammalia)

The carotid sinus of mammals is a dilatation of varying size at the origin of the
interna] carotid artery, immediately at the beginning of the bifurcation. Its wall
is usually thinner than is the arterial wall elsewhere. Its histological structure
corresponds to that of an ordinary cephalic artery with the difference that its
adventitia is somewhat thicker and in the region of the media the muscle cells are
somewhat more sharply bordered against each other. It is very rich in nerves and

vessels. Its nerve supply comes partly from the jugular sympathicus, partly from
the sinus nerve which is one branch of the nervus glossopharyngeus and partly
from the vagus. These fibres of different origins form a rich plexus in the outer
layer of the adventitia. In the plexus there are conspicuously thick myelinated
fibres, predominating mainly at the internal margin of the adventitia and forming

here, as well as on the media’s outer surface, very large sensory nerve end systems.

Dog (Canis jamiliaris)

The dog’s carotid sinus is a well-developed roundish dilatation found at the
initial portion of the internal carotid artery. Its histological structure corresponds
to the generally known structure of the arterial wall with the difference that this
part is much thinner than the other portions of the arteries of the head. Also, the
adventitia and intima are thinner and in comparison to other portions the same
applies to the media. The nerve fibres, arising partly in the glossopharyngeal,
partly in the vagus nerve and partly in the jugular sympathicus seem to intertwine
the adventitianearly completely and form arich plexus at the interface between the
adventitia and the media. The plexus, constituted by thick as well as thin fibres,
is in some places so rich that in tangential sections viewed by low-power magni-
fication hardly anything is seen of the connective and smooth muscle tissues. In
some places again the plexus is looser, consisting mainly of glossopharyngeal and
vagus fibres of a particular appearance by which they may be distinguished at first
sight from the fibres belonging to the sympathetic system (Fig. 167, Table V/c, p.
247). The thick fibres which come from the special receptors of the vessel wall are
characterized by varicosity,this feature being, however, less conspicuous than inthe
case of the aortic fibres. These thick fibres of the sinus nerve carry beads of varying
sizes on their axons, in some of them even neurofibrils can be clearly seen. A
further character of these fibres is their frequent branching. The rami thus formed
intertwine repeatedly, constituting rich end-fibre systems (Fig. 168). The end
systems are constituted by terminal fibresand by end plates which appear in vari-
able forms. The latter are variable in size, and length; sometimes they are dense,
sometimes loosely fibrillar. The borders ofthe plates are either fimbriated and carry
processes of varying lengths or are smooth and sharply bordered against the sur-
rounding tissues. Neither the end branches nor the end plates anastomose. No
specialized mediatory cells are seen, the end plates being attached directly to the
connective tissue.



INNERVATION OP BLOOD VESSELS 279

Fig. 167. Canisfamiliaris. Sinus caroticus; nerve fibre system in the adventitia,
(a) Connective tissue; (b) nucleus of connective tissue cell; (c) axon; (d) varix;
(e) neurofibrils; (f) intermediary plate; (g) endplate. Bielschowsky-Abraham’s
method. Microscopic magnification 600 X, reduced photographically to %

Pig (Sus scrofa domestic a)

The pig’s carotid sinus is slightly elongate, its lumen dilated and its wall rela-
tively thick. In comparison with the other two layers, the mediais thick and dense.
The innervation is particularly rich. Perhaps due to the thickness of the muscle
layer, systems of well-developed plexuses are seen not only in the adventitia but
also on the outer surface of the media. The glossopharyngeal thick varicose fibres
and the thin sympathetic fibres contribute equally to this plexus formation. The
thick fibres branch off in profusion to form a complex plexus system in which
both the branch systems and end plates are seen separately. The branches and
end fibre systems bear a certain resemblance to the formations described in the
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Fig. 168. Ganisfamiliaris. Sinus caroticus. Nerve end plates in the adventitia,

(a) Main branch; (b) side branch; (c) neurofibrils; (d) intermediary plate; 'e)

end plate. Bielschowsky—Abrahdm’s method. Microscopic magnification
1300 X, reduced photographically to %

dog. There are, however, certain dissimilarities, particularly in the descent, grouping
and structure ofthe fibres. By these structures the sensory nerve end systems ofthe
pig are clearly distinguishable from those of the dog (Fig. 169). The end structures
are in general uniform, distinction of types being hardly possible. Neither the end
fibres nor the end plates anastomose and specialized stimulus-conducting connec-
tive tissue cells are not visible either,
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Fig. 169. Sus scrofa domestica. Sinus caroticus; nerve fibre terminal system in

the adventitia, (a) Connective tissue; (b) nucleus of connective tissue cell; (c)

main branch; (d) side branch; (e) intermediary plate; (f) end plate. Biel-

schowsky—Abraham’s method. Microscopic magnification 600X, reduced
photographically to %

Horse (Equus cabalius)

The carotid sinusof thehorse is a larger dilatation. Its wall isthick and the adven-
titia well developed. Its nerve supply is particularly rich, perhaps in keeping with
the physical activity of the animal. The plexus is rich comprising many fibres.
This applies both to the glossopharyngeal and sympathetic elements. The majority
of the fibres show features such as are seen in the depressor nerve but less distinctly
than in the dog (Fig. 170). The varices are not large, being elongate and vague in
appearance in some places. Neurofibrils can only exceptionally be detected in the
axons. The thick fibres show here and there particular formations, specific for the
horse, in that they arrange circles, then continue in straightly descending end
fibres. Sometimes two or more such systems are seen in close coaptation. Essen-
tially these systems are particular coil-like formations, some of them loose, inner-
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Fia. 170. Equus caballus. Sinus caroticus; nerve fibre plexus in the adventitia,

(a) Connective tissue; (b) nucleus of connective tissue cell; (c) nerve fibre

bundle; (d) thick nerve fibre; (e) thin nerve fibre; (f) varix; (g) nerve fibre

plexus. Bielschowsky—Abraham’s method. Microscopic magnification 300 X,
reduced photographically to %

vating larger areas. In the preparations examined no specific nerve end formations
were detected; moreover neurofibrillar end plates were only infrequently seen. In
general, the end fibres derived by repeated branchings terminate in discs of vary-
ing size and shape, sometimes round, sometimes elongate. In most cases neurofi-
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Fig. 171. Equus caballus. Sinus caroticus; nerve fibre plexus in the adventitia,

(a) Connective tissue; (b) nucleus of the connective tissue cell; (c) axon; (d)

varix; (e) neurofibrils; (f) nerve ending. Bielschowsky—Abraham’s method.
Microscopic magnification 400 X, reduced photographically to y2

brils are clearly seenin both formations. Large masses of end discs are visible at the
interface between media and adventitia, where they are attached to the connective
tissue elements directly, without any special mediator cells (Fig. 171).

Calf (Bos taurus)

The carotid sinus of the calf, “occipital sinus” according to de Castro (1928),
appears as an elongate distension at the origin of the occipital artery. The thickness
of its wall corresponds with the large size of the animal, the muscle layer’s struc-
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Fig. 172. Boslaurus. Sinus caroticus. Nerve end plate system in the adventitia,
(a) Connective tissue; (b) nucleus of connective tissue cell; (c) nerve fibre;
(d) branching; (e) end branch; (f) end plate. Bielschowsky-Abraham’s
method. Microscopic magnification 900 X, reduced photographically to %

ture is loose. In the nerve plexus, whose hulk is localized at the inner part of the
adventitia, thick and thin fibres differ sharply from each other. This dissimilarity
is particularly conspicuous at the sites where the end branch system of the thick
fibres starts to form terminal structures. The sympathetic fibres joining the plexus
are thin, undulating and are attached here and there closely to each other or, in
other cases, they mingle with the end branches of the thick fibres to form a loose
coil-like plexus. The end fibre system of the thick fibres is particularly dense.
Occasionally the fibres accompany each other so closely that their individual path-
ways are hard to follow. It is, however, obvious that there are characteristic
triangular broadenings on the branches and neither these formations nor the
branches themselves show any anastomosis.End systems showingthis structure may
extend inalongitudinal direction constituting one ofthe typical end system patterns
specific for the calf’s carotid sinus (Fig. 172). In addition, another type of end
apparatus of somewhat looser structure may occur, which carries fewer branches,
numerous intermediary neurofibrillar plates and conspicuous varices. In these end
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Fig. 173. Ovis aries. Sinus caroticus. Nerve end fibre system in the adventitia,

(a) Connective tissue; (b) nucleus of the connective tissue cell; (c) axon; (d)

varix; (e) end plate. Bielschowsky-Abraham’s method. Microscopic magni-
fication 600 X, reduced photographically to %

formations the terminals also are clearly defined. The latter are large neurofibrillar
plates, which resemble both in shape and structure those described above for the
calf’s aortic arch. In every case, the end plates are found in the connective tissue
where they are attached to the connective tissue elements directly without the
interpolations of a special stimulus conducting cell formation.

Sheep (Ovis aries)

The carotid sinus of the sheep is less conspicuous than that of mammals de-
scribed above. Itswallis thin; though the adventitia is relatively thick the muscle
ofthe media is sparse. The adventitia is almost covered by undulating nerve fibres
which form in some places loose, in others, dense coils. Of the fibres which consti-
tute the plexus, the characteristically beaded thick fibres are particularly conspic-

uous. Their repeated rich branchings may be readily followed, particularly in
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thicker sections. Many forms of branchings can be seen. Usually, the thick fibre
sent to the vessel wall from the glossopharyngeal nerve via the sinus nerve divides
first into two branches of similar size. Some of the branches thus derived con-
tinue in delicate end fibres which terminate in large plates or in smaller, clearly
visible rings. In some cases thick fibres divide at once into several branches at
the same site. All these branches show a very thin initial portion which then
becomes thicker and forms characteristic varices like those seen on the thick
fibres of the aortic arch (Fig. 173). There are, however, end systems also carrying
many intermediary neurofibrillar plates and —perhaps owing to their position —
also numerous end plates. In such cases, the neurofibrillar structure of the thicker
branches is visible as well as the end plates of varying size, shape and structure
at the end of the terminal fibres. Anyway, in such cases, we were also able to
demonstrate clearly the functionally important fact that neither the end fibres nor
the end plates did anastomose. The end plates are sharply bordered against each
other and are attached flatly to the adventitial portion facing the media. In the
carotid sinus of the sheep there are certain particular receptor apparatuses which
are unique among the known receptors of the sinus region and which are sufficient-
ly specific for the sheep that the picture of a single nerve end system would leave
no doubt as to its origin. Essentially these formations are either single or, more
usually, double end coils whose smoothly descending fibres end in delicate fibrillar
end plates. Neurofibrillar structure is obvious in the fibres belonging to such end
systems, both in the larger branches and in smaller ones arisen by their ramifica-
tion. The fibres do not exhibit the usual depressor features, viz. the repeated
alteration in thickness, their branching being gradual, the end fibres’ structure
readily detectable and the neurofibrils clearly visible (Fig. 174).

Man (Homo sapiens)

In man, the carotid sinus is constituted by an onion-shaped swelling (bulbus
carotidis) of the internal carotid artery. This formation was known already by the
ancient anatomists who considered it a pathological alteration. A more thorough
physiological and morphological study of the human carotid sinus was started
when, after some vain attempts, Hering demonstrated experimentally the locali-
zation of sinus reflex receptors in that portion of the wall. A further impetus to
research was given by the discovery of another important receptor assembly,
the glomus caroticum in the bifurcation, close to the receptor area of the sinus
reflexes.

At present the wall of the carotid sinus is in general well known. All data avail-
able on its comparative anatomy and histology have been compiled in the book by
Adams (1958), its physiological aspects in the physiology by Heymans and Neil
(1958), in which are discussed thoroughly and systematically also the recent
results concerning the electrical impulse activity of the sinus nerve fibres running
from the area of the carotid bifurcation. However, even these two excellentbooks
have left some problems unsettled, whose clarification requires further tenacious
research.
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Fig. 174. Ovis aries. Sinus caroticus; nerve end plate system in the adventitia,
’(ﬁ)qun; (b) neurofibrils; (c) intermediary plate; Sd) end plate. Blelschowskﬁ/_—
rahdm’s method. Microscopic n}ie\gmflcatlon 900X, reduced photographi-
cally to y2



288 INNERVATION OF THE HEART AND BLOOD VESSELS

Fig. 175. Homo. Sinus caroticus. Nervo plexus in the adventitia, (a) Connec-

tive tissue; (b) nucleus of the connective tissue cell; (c) thick nerve fibre; (d)

thin nerve fibre; (e) nerve fibre plexus. Bielsehowsky-Gros-Cauna’s method.
Microscopic magnification 400 X ,reduced photographically to %

Below we attempt to solve some of the problems encountered in the nerve
connections of the human carotid sinus, viz. we try to describe how the nerve
fibres entering the carotid sinus conjugate with the vessel wall. Firstwe describe
the normal conditions, then the pathological alterations in general and cardio-
vascular diseases in particular.

Histologically, the wall of the carotid sinus is identical with that of other arterial
portions, but it is thinner and consequently its histological layers are also thinner
except for the tunica media which, in comparison with the other two, is relatively
well developed. The tunica adventitia is the richest of the three layers in nerve
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Fig. 176. Homo. Sinus caroticus; nerve end plate system in the adventitia, (a)

Connective tissue; (b) nucleus of connective tissue cell; (c) main branch; (d)

side branch; (e) end fibre; (f) intermediary plate; (g) end plate. Bielschowsky-

Gros-Cauna’s method. Microscopic magnification 600 X, reduced photo-
graphically to y2

fibres. Relatively few nerve fibres are present in the tunica media and the tunica
intima is practically nerve-free in man as in other mammals.

The nerve fibres originating from the glossopharyngeal and vagus nerves and
from the superior cervical sympathetic ganglion reach the carotid sinus’ wall.
There the fibres of different origin mingle with each other and form a rich plexus.
In this plexus as a rule two kinds of fibres may be distinguished, one conspicuously
thick, the other being thin. In certain areas of the adventitia the two types of
fibres are so closely intertwined that their anatomical pathway can be clarified
only with difficulties (Fig. 175). Sometimes fibres constituting the bundles arising
in the sinus nerve keep together for some distance and start to divide and to form
the dendritic branchings typical of depressor fibres only later on. As a rule, the
branching is dichotomic, but not infrequently smaller or larger lateral branches
are seen to leave the parent fibre on either side. These lateral rami then branch
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Fig. 177. Homo. Sinus caroticus; nerve end fibre system in the adventitia, (a)

Nerve bundle; (b) nerve fibre; (c) neurofibrillar end plate; (d) neurofibrils; (e)

varix. Bielschowsky-Gros’method. Microscopic magnification 600 X , reduced
photographically to %

repeatedly and, as the branches intertwine repeatedly, they give rise to a plexus
so rich as to cover the adventitia’s inner surface almost entirely (Fig. 176).

In successful preparations of sections parallel to the surface of the adventitia,
the entering bundle with all its fibres and the fibres’ branch systems together with
terminal rami and plates may be clearly seen. Nerve pictures of this kind show
that there is a complete absence of any anastomoses between the rami, the termi-
nal branches or the end plates. All the nerve fibres descend independently and
their terminal fibres all have separate end plates. In the end plates the neurofibrils
are clearly visible, forming a closed plexus. The plates are sharply bordered against
the connective tissue elements. Such fibre and terminal systems give clear and con-
vincing pictures on the shape, descent and conjugation with the host tissue of
nerve bundles entering the sinus wall (Fig. 177). These systems account for the
extraordinary sensitivity of the sinus wall, evidenced also by the fact that the
large end plates attach flatly to the inner adventitial surface. Since the nerve
bundles formed in the outer adventitia are large and the fibre systems develop
at different levels, it is natural that in the connective tissue end plate systems
follow each other in subsequent layers.
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Fig. 178. Homo. Sinus caroticus; nerve fibre end plate system in the adventi-

tia. (a) Nerve fibre; (b) varix; (c) neurofibrils; (d) neurofibrillar end plate.

Hielschowsky—Gros’ method. Microscopic magnification 1800X, reduced
photographically to f2

When examined with higher magnification, the (mostly) ivy-leaf shaped end
plates as well as the attached delicate end rami show a markedly neurofibrillar
structure. In the terminal rami the neurofibrils pass more or less parallel,
whereas in the end plates they form a network (Fig. 178).

Branch systems formed by the ramifications of thick fibres are sometimes so
closely intertwined that their survey presents the greatest difficulties. Neverthe-
less, even in such cases it is obvious that the individual fibres of the system end
in peculiar plates in which the neurofibrils form a network.

De Castro, who was the first to investigate these end systems, distinguished two
types of endings of the carotid sinus’ thick nerve fibres. He described the first as
diffuse ramification (appareils terminaux & arborisation diffuse), the second as
circumscribed ramification (appareils sensitifs & ramification circonscrite). Sunder-
Plassmann, too, advocated the existence of two types, but unlike de Castro he put
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the circumscribed form (circumscripte Form) first, and the diffuse form (diffuse
Form) second. For my part, after thorough examinations for over a year, | failed
to (distinguish types among the nerve end systems located in the carotid sinus’
wall. In fact, a reasonable basis for differentiation was lacking as the end systems
az)peared to be highly similar in bulk, structure and conjugation forms. Recently,
however, after further studies on an extensive material, we seem to have detected
some morphological basis for type differentiation. We found that part of the thick
fibres form branch systems readily followed over a long distance, as shown in
Fig. 177. All end branches of these systems continue in circumscribed neurofibrillar
plates. The other type forms a plexus system whose end connections are also consti-
tuted by neurofibrillar plates. The first type of systems is uniform, readily detect-
able, enabling an easy interpretation of the functionand particular sensitivity of
the attached fibre system. Systems of the second type are non-uniform and difficult
to demarcate from each other but, as they show a certain uniformity in the mode
of forming plexuses, they may be acknowledged to be a type. To give some infor-
mation on the forms, and on the wide variation of forms revealed by the nerve end
systems of the second type, we give a short description on some highly particular
and complicated nerve end apparatuses below.

Some of the fibres arising from the bundles run a straight path, giving off side

branches in all directions. The lateral rami branch off repeatedly, the thin
branches thus arisen intertwine with each other and continue in neurofibrillar end
plates. In the latter the neurofibrils form a closed network. End plates are very
numerous, they are elongate in shape and their margins are sometimes segmented,
sometimes thin and smooth (Fig. 179). The figure gives a true picture of the
conditions found.

Sometimes two or three thick fibres cover a long distance on one and the same
path in close proximity. The fibres exhibit characteristic thickenings and, here and
there, varices. On the associated fibres, namely towards their ends, thick branch
systems arise, branching off gradually and the thicker and thinner systems consti-
tute a rich system of plexuses accompanying the associated fibres along nearly
their entire descents. In the plexus there are relatively few end fibres and accord-
ingly also few terminals. Depending on the fibre’s position and nature, however,
polymorphous end plates of varying sizes are also apparent within which the neu-
rofibrillar network is clearly seen (Fig. 180). The associated fibres and their end
systems display a very characteristic picture in certain instances. These relatively
infrequently encountered formations may be justly considered “types”. Whilst
in the configurations, described formerly lateral branches were seen to exit from
the main fibres and the end systems arose from these lateral branches, i.e. from
the terminal ramification of the main fibre, in the case of an association of two or
more fibres all end branches were given off simultaneously, arising at the same
site. The rami were smooth, passed distantly from their origins, then branched and
ended in neurofibrillar end plates. The dimensions of the end plates were variable,
their structures relatively uniform, but greater differences were encountered in
their shapes and measurements (Fig. 181). In some cases, the end systems of
several thick fibres meet each other. In such instances the main fibres as well as
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Fig. 179. Homo. Sinus caroticus; nerve end plate system in the adventitia,

(a) Main branch; (b) side branch; (c) end branch; (d) end plate; (e) neurofibrils.

Bielschowsky-Gros-Cauna’s method. Microscopic magnification 600 X,
reduced photographically to %
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Fig. 180. Homo. Sinus caroticus; nerve plexus in the adventitia, (a) Nerve

fibre; (b) end fibre; (c) varix; (d) intermediary plate; (e) end plate; (f) nerve

fibre plexus. Bielschowsky—&ros; method. Microscopic magnification 800 X,
reduced photographically to 73



INNERVATION OF BLOOD VESSELS 295

Fig. 181. Homo. Sinus caroticus; nerve end plates in the adventitia, (a) Main

branch; (b) varix; (c) side branch; (d) end branch; (e) intermediary plate; (f)

neurofibrils; (g) end plate. Bielschowsky-Gros-Cauna’s method. Microscopic
magnification 600 X ,reduced photographically to y2

their end systems become so inextricably interwoven that their origins and the
sequence of their connections can be hardly clarified. Nevertheless, even in these
conditions we could clearly distinguish here and there sharply fibrillar thick fibres
of varying diameters, intermediary neurofibrillar plates and occasionally also the
end plates. Of the latter, some were roundish, others elongate, occasionally taper-
ing or chopped at the end. In the end plates there is a well-visible neurofibrillar
structure (Fig. 182).

When the above nerve end organs or similar other nerve endings are examined
under a higher magnification in appropriate preparations, the most delicate ter-
minal rami and the attaching end plates appear with an unusual clarity. In the
majority of cases, such pictures remind one of a giant reticular system in which
end fibres and end plates attach to each other and which in their totality form an
enormous network whose components link with each other in a continuity. This
is the general picture obtained with a single adjustment of the microscope. A more
thorough study of these apparent anastomoses by careful use of the micrometer
screw, however, always yields firm evidence of a definite absence of a reticulum.
Even in the most complicated pictures, careful examination will reveal that the end
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Fig. 182. Homo. Sinus caroticus; nerve fibre plexus in the adventitia, (a) Main

branch; (b) side branch; (c) end branch; (d) neurofibrils; (e) intermediary

plate; (f) end plate. Bielschowsky—6Gros—€auna’s method. Microscopic magni-
fication 800 X, reduced photographically to y0
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Fig. 183. Homo. Sinus caroticus; nerve end plate system in the adventitia, (a)

Nerve fibre; (b) intermediary plate; (c) neurofibrils; id) end plate. Bielschow-

sky—Gros—Cauna’s method. Microscopic magnification 800 X, reduced photo-
graphically to y2

fibres never continue in each other and their end plates localize in every case
beneath, or above, but always separate from, each other (Fig. 183). The clarification
of this problem which is functionally very important as well as the proper inter-
pretation of the microscopic pictures, requires adequately impregnated prepara-
tions. Membranes or thick, inadequately impregnated sections will never give a
true picture of the actual conditions. Workers advocating the presence of a periph-
eral reticulum in the carotic sinus may never have been in possession of prepa-

rations authentically revealing the actual conditions as anybody who has ever seen
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an impeccable preparation would not claim the presence of a reticulum; such a
feature is not seen In our preparations.

In the foregoing we have repeatedly expressed our conviction that a peripheral
terminal reticulum does not exist. The sole reason for emphasizing this repeatedly
is that attempts to prove the presence of a peripheral terminal reticulum in relation
to the carotid sinus are still being made by some contemporaries. On the basis of
our studies, conducted uninterruptedly for more than 26 years in this field and
in general in the field of cardiovascular innervation, we may state that in the wall
of the carotid sinus neither neurohistological anastomoses nor reticulum are
present.

According to our most recent investigations, the forms of the nerve fibres’ end

arborizations and the features of neurofibrillar end plates, end bulbs and endings

suggest the presence of two kinds of limitary nerve end systems in the wall of the
carotid sinus.

These two forms of end systems have been well distinguishable in carotid sinus
specimens from very aged persons or from those who died of cardiovascular dis-
ease. The first form of end system is constituted by a few smooth, thick myelinated
fibres, showing thickenings of varying sizes in their descents. The fibres cover quite
long distances without arborization, forming numerous loops and later on a loose
plexus of great extent. The fibres ramify only near their ends. Here they give off
delicate end branches, some of which are thick with a sharp neurofibrillar structure.
The end fibres terminate in small end plates with well-visible neurofibrillar plex-
uses. In elderly subjects, as well as in those suffering from the conditions men-
tioned above, the course and termination of the system are both subject to
deformation. The end plates become smaller, assume an elongate shape and
zar:ej Iolsgz)g sharp definition against the surrounding connective tissue elements

ig. .

The second form of end system encountered in the wall of the human carotid
sinus shows entirely different features. The thick myelinated fibres exiting from
the nerve fibre bundle descend separately and pass far from the bundle before they
arborize. These fibres are as a rule very thick, carry only very few varices and show
a sharp neurofibrillar structure throughout their entire descent. Their end arbor-
izations are extremely rich. The form and features of these end formations are in
general very specific. The fibres arising from the bifurcation of the main fibre form
again a bifurcation and this form of branching continues up to the very fine end
branches which terminate in neurofibrillar end plates. In the descents of the
branches varices of different sizes are apparent and the fibres are markedly variable
in diametre. The main characters of this type of end system are the rich end
arborization and the great number of neurofibrillar end plates. The latter are very
large, varying and irregular in shape, with distinctly visible neurofibrillation and
marked argentophilia, particularly in aged patients or in those with diseases of the
cardiovascular system (Fig. 185).

Electronmicroscopically, numerous small nerve trunks were found in the adven-
titial tissue of the carotid sinus, isolated from the other tissue elements by a thin
perineural sheath consisting of four to five layers.
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Fig. 184. Homo. Sinus caroticus; nerve fibre end system in the adventitia, (a)
Nucleus of the connective tissue cell; (b) connective tissue fibre; (c) axon; (d)
neurofibrils; (e) varix; (f) nerve end fibre; (g) neurofibrillar end plate. Cauna’s
method. Microscopic magnification 300X, reduced photographically to 23
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Fig. 185. Homo. Sinus caroticus; nerve end fibre system in the adventitia, (a)

Connective tissue; (b) nucleus of the connective tissue cell; (c) smooth muscle

tissue of the media; (d) smooth muscle cell; (e) nucleus of the smooth muscle

cell; (f) axon; (g) varix; (h) neurofibrils; (i) neurofibrillar end plate. Biel-

schowsky-Gros-Cauna’s method. Microscopic magnification 400 X, reduced
photographically to %

Inside the sheath, one or two small myelinated axons as well as numerous un-
medullated nerve fibres, arranged in groups of four to six axons, are present. The
unmedullated axons are embedded in cytoplasmic envelopes of Schwann cells.
Here and there also the mesaxonic boundaries, connecting the inner Schwann
envelope of the axons with the outer surface of the Schwann cells, are apparent.
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In the extra-perineural space, the most common tissue elements have been
large fat cells, characterized by eccentric nuclei and immense amounts of homo-
geneous electron-dense lipid material inside their cytoplasms. Also histiocytes,
characterized by large phagocytic vacuoles and tubular mitochondria and fibro-
blasts in a more or less close contact with the collagenous fibres, are present in the
loose connective tissue. The identification of receptor endings amongst these
various tissue elements required a very thorough examination of a large number
of ultrathin sections obtained from scores of blocks from the adventitial tissue.

As shown by electron microscopy, the receptor end system is a small bundle
constituted by extremely thin unmedullated axons, measuring 0-2-8'5 p in dia-
meter and lacking Schwannian elements. Accordingly, these fibres should be cat-
egorized as free axons. We have arrived at the same conclusion by light microscopy.
Some of the axons were particularly enlarged. Both the unmedullated axons and
their enlargements attached to bundles of collagenous fibrils.

Pathological Alterations of the Sensory Nerve Fibres of the Human
Carotid Sinus

During the past years we have examined nerve interconnections in the carotid
sinus of numerous persons of both sexes and various ages. Nerve connections of
very variable shapes and structures have been encountered. All of them were,
however, identical. In every case, fibres sent by the sinus nerve were thick with
large varices connected by thin axons, they formed rich branch systems with thin
terminal rami carrying large end plates with a closed neurofibrillar system. Never-
theless, in addition to these general characters many particularities and formations
have been encountered which, in our judgment, were due to pathological proces-
ses. We may justly suppose that pathological conditions of varying duration leave
durable marks in the nerve fibres as well as in their end structures. The existence
of such effects and their role in the changes and transformations of nerve plates
in the carotid sinus’ wall are inferred by scores of alterations encountered in the
nerve pictures. Nevertheless, an objective base for this implication could be derived
only from a systematic study of the presence and nature of alterations in the
carotid sinus’nerve supply in persons of both sexes, at different ages and in certain
pathological conditions. In this institute, such examinations have been conducted
several times, but not systematically and not for that specific purpose. Therefore,
the figures below are presented just to prove the existence of such alterations,
without specifying their general and local causes (Fig. 186). | believe there is
sufficient reason to consider the picture presented above as pathologic. Figure 186
shows a thick dense fibre which after a long path divides into two branches. One
of them, seen at the left side of the figure, gives off several rami of varying sizes.
The descents of these rami, as well as their relations to each other, are complicated.
Yet all end fibres carry varices of varying lengths, showing clearly a neurofibrillar
structure. The lengths and structures of the end fibres are variable but each broad-
ens at the end to an end plate whose shape is sometimes round, sometimes piri-
form or shovel-like. The position, grouping, and shape ofend plates, the particular
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Fig. 186. Homo. Sinus caroticus; nerve'end fibre system in the adventitia, (a)
Main branch; (b) side branch; (c) neurofibrils; (d) end plate. Bielschowsky’s
method. Microscopic magnification 1200X, reduced photographically to *i/2
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Fig. 187. Homo. Sinus caroticus; nerve fibre system in the adventitia, (a)

Main branch; (b) side branch; (c) end plate; (d) parallel contact; (e) neuro-

fibrils. Bielschowsky—Gros’ method. Microscopic magnification 800 X, reduced
photographically to y2

variation of the fibre’s thickness and in general the marked disarrangement of the
whole end system, which is our very first impression, support our assumption of
a pathologically altered nerve end organ.

The nerve end connection shown in Fig. 187 is also considered pathological. A
thick fibre is seen to divide into two branches. One of them was cut, the other
passes on. Its initial portion is very thin, but further on it broadens markedly, and
divides into two branches: the left one was cut, the right gives off further rami.
The latter become thin and after covering a long distance they end in neurofibrillar
end plates. The above formations are not at all unusual and their development
must not be ascribed to pathological influences. The particularity of this system is
constituted by the fact that the main fibre is approached laterally by a thick
varicose fibre which winds around it right at the site of branching, then returns,
ramifies and the rami disappear in the connective tissue.
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COMMON CAROTID ARTERY (ARTERIA CAROTIS
COMMUNIS)

Hering regarded the carotid sinus as the sole site of origin of sinus reflexes. Essen-
tially he was right, but examinations of the carotid’s portions in the region of the

sinus have convinced us that not only the carotid sinus but also the adjacent
portion of the common carotid artery as well as the internal carotid artery are
involved in the generation of reflexes.

In the common carotid artery, immediately below the sinus, there are many
sensory nerve bundles and various nerve endings. As a rule, the bundles consist
of two to three or perhaps more myelinated fibres. The fibres are thick and so are

their myelin sheaths. Their appearance bears a resemblance to the fibres of the

carotid sinus which implies their belonging to the fibre systems of one and the
same nerve. The nerve fibres usually branch off after a short path. The rami become
gradually thinner, then formaplexus which shows many lamellar thickenings and
whose end fibres terminate in neurofibrillar plates.

In the wall of the common carotid artery, coil-like structures are not infrequent

either. Some of them are of loose structure, consisting of relatively few thick

fibres belonging to the system of a single myelinated fibre. The connective tissue
surrounding the coil is sometimes arranged in a fashion as if the end system would
be encapsulated. This is only an illusion as actually the coils are uncapsulated and
beside them smaller and denser coils may be present. Occasionally dense elongate
coil systems arise by the ramification of one or more adjacent fibres and the inter-
twining of their branches. More frequently plexuses formed either by the terminal

branch system of a single fibre, or by the conjugation of two different fibres are

seen. Beside them, there are scores of formations constituted sometimes by end
fibres, then again by end fibres and intermediary fibre portions. The formations
described above indicate that in the wall of the common carotid artery the system
of thick fibres may give rise to all kinds of end formations.

In the descent of the fibres constituting the system, neurofibrils are well visible
already at a 600 X magnification, namely in the intermediary plates and neuro-
fibrillar end plates (Fig. 188). The latter are much smaller than those in the carotid
sinus; they do not show the typical ivy-leafshape and are much lower in number
than in the carotid sinus. In view of these differences, the question may be raised
whether the thick fibres passing in the wall of the common carotid artery are
actually of glossopharyngeal origin or whether they belong to the vagal system.
The latter seems to be the more probable explanation. In this case the differences
presented above suggest differences of origin, too. It should be added that—al-
though there is obviously a certain similarity—these terminal sturctures are by
no means identical with those described from the aortic arch.

Similar conditions have been encountered in the common carotid artery of the
calf. There, too, the region of the bifurcation is markedly rich in nerves. This
applies to the nerve supply of the smooth muscles and vasa vasorum but par-
ticularly to that of the capillaries, particularly to sensory fibres whichappear here in
large numbers and in considerable variety. Here, too, the sensory elements are
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Fig. 188. Homo. Carotis communis; nerve plexus in the adventitia, (a) Main
branch; (b) side branch; (c) intermediary plate; (d) end plate; (e) neurofibrils;
(f) connective tissue; (g) nucleus of connective tissue cell. Bielschowsky—&ros’
method. Microscopic magnification 600X, reduced photographically to 23
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myelinated fibres being, however, much thinner than the similar structures in the
common carotid artery of man, and also their way of branching exhibits certain
particularities. In general, nerve pictures are characterized by a rich branch sys-
tem, the shortness and undulating descent of branches and the close connection
of terminal branch systems with each other. Occasionally the terminal branch
systems of two adjacent fibres are so inextricably intertwined that their demar-
cation requires a very close study under very high magnification. The fibres nearly
intertwine with each other and consequently also their endings are so deeply hidden
in the fibre network as to render the identification of their shapes and structures
almost impossible. It may be stated, however, that the triangular fibre end plates
are smaller, and the neurofibrillar network seen in them is denser, than in man. The
plates are sharply bordered against each other and against the elements of connec-
tive tissue as well. Yet there is an obvious difference as both the end systems and

neurofibrillar end plates are seen in much smaller numbers in the calf than in man.

EXTERNAL CAROTID ARTERY

The external carotid artery is not much less sensitive than the common carotid
artery. In man, sensory endings are also found in that location. They are dendritic
branchings terminating in elongate neurofibrillar plates. The extraordinarily
delicate fibres arisen from the branchings may be followed over a long distance

without continuing in end plates. The endings are not typical, but their structure is
undoubtedly suggestive of a sensory nature, thus they belong to the fibre system
of the vagal or glossopharyngeal nerve.

INTERNAL CAROTID ARTERY

Similarly thick fibres and nerve endings of sensory character are found in the

wall of the internal carotid artery, at the site where it attaches to the carotid
sinus. The nerve fibres are not so characteristic as in the portion discussed above,
but their structures are more delicate. This applies to the shape of single fibres and
varices, namely to lateral rami which are characterized by extraordinary thinness.
In the internal carotid artery the characteristic end bodies present in the carotid
sinus and common carotid artery are not seen; moreover, the typical end fibres are
absent. This implies that the suprasinal portion of the internal carotid artery plays
no role in the generation of sinus reflexes.

Since the sensory elements found in the external and internal carotid artery
are not typical and occur in relatively low numbers, it is highly probable that the
receptors of sinus reflexes are restricted to the terminal portion of the common
carotid artery and to the carotid sinus.

PULMONARY ARTERY (ARTERIA PULMONALIS)

The pulmonary artery, too, belongs to the arteries with muscular wall. Its wall
is thick and richly supplied with nerves in birds, mammals and man alike. Nerve
plexuses which almost entirely cover the outer surface of the adventitia consist
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Fia. 189. Homo. Arteria pulmonalis; nerve end system in the adventitia, (a)

Nucleus of connective tissue cell; (b) connective tissue fibre; (c) thick nerve

fibre; (d) varix; (e) neurofibrils; (f) end plate. Bielschowsky—Gros’ method.
Microscopic magnification 600 X, reduced photographically to y2
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of thick trunks and bundles. Both the former and the latter comprise sympathetic
fibres carrying Schwann cell nuclei. Characteristic fibres are uniformly absent in
trunks, bundles and smaller rami as well. This was observed by us in birds, pig
and sheep, and up to very recently also in man. Lately, during a survey of our
preparations we observed in the wall of the human pulmonary artery beside sym-
pathetic fibres also the presence of some thick, here and there markedly broaden-
ing fibres which differed radically in descent, path and appearance from the sym-
pathetic fibres forming larger trunks and bundles. Still more recent examinations
have shown that these thick fibres form particular sensory nerve endings which in
structure, bulk and forms of end connections remind us of pressoreceptors whilst
differing from them in certain important features. So far two forms, radically
differing from each other, have been distinguished among these end systems detect-
ed previously neither in the pulmonary artery nor elsewhere. One of them belongs
to the group of nerve endings with coil-like terminals, while the other shows a
dendritic structure. Their structures and connections are described below.

Ofthe nerve end systems present in the wall of the pulmonary artery in the inner
adventitial layer near to the media, one type is plexus-like, the other an arbori-
zation ending in plates.

The first type of end system is constituted by the end branchings of thick,
smooth, homogeneously impregnating fibres. Essentially the thick fibres (which
definitely lack all “depressor” features) divide into numerous thin rami after
having covered a long path. The newly formed rami intertwine with each other,
run over a long distance and surround a larger portion of another main fibre.
Their structure is reminiscent of some of the genital nerves where the thin nerve
fibres form spools around the central thick, markedly argentophilic fibres. From
the long spool-like plexus exit individual fibres which end in triangular terminal
plates near to the main fibre. Similar end plates may also occur within the plexus
itself (Fig. 189).

The second type of end structure is also formed by thick fibres so that they give
off numerous lateral rami which again branch off repeatedly and become gradually
thinner. Occasionally the thin terminal rami become undulating and end in rela-
tively large end plates. The plates are dense and bordered sharply against each
other and the host tissue. Neither the terminal fibres nor the end plates anastomose
with each other (Fig. 190).

The sensory nerve endings described above have no structural relationship
w'hatever with systemic pressoreceptors and indeed differ from them in several
respects. There are no large varices in their descents, neither do thick and thin
portions alternate, no neurofibrillar structure is apparent in their fibres and end
plates. Neurofibrillar intermediary plates are absent. Yet their structure, position
and connections are suggestive of their pressoreceptor nature. If so, reflexogenic
zones are present also in the wall of the pulmonary artery, which is in keeping
with recent physiological results.
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Fig. 190. Homo. Arteria pulmonalis; nerve end system in the adventitia, (a)
Connective tissue fibre; (b) nucleus of connective tissue cell; (c) thick nerve
fibre; (d) spiral; (e) neurofibrils; (fynerve plexus; (g) end plate. Bielschowsky—
Gros’method. Microscopic magnification 600 X ,reduced photographically to %
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Are there Interstitial Cells Present in the Reflexogenic Areas?

In the foregoing we have stated that aortic fibres descend independently of each
other and are attached directly to the outer layers of the vessel wall. Although this
has been shown by several hundreds of preparations and proved to be exclusive of
all opposed concepts, we stress it repeatedly, owing to the fact that certain authors
are still supporting the interstitial cell theory of Cajal, claiming that these intersti-

tial cells should be considered nerve cells and that on the periphery, “reticula”
(Nervennetz) are exerting the function of local receptors and as such they synapse
with the fibres of the ortho- and parasympathetic systems. In this respect | have
stated my position several times before. My opinion has not changed in the mean-

time, it has rather become still more firm. Without going into details of this com-

plex of problems | state again that in higher invertebrates and vertebrates no true

terminal reticula whatever are present. All pictures presented to prove this Concept
are defective and derive from the misinterpretation of microscopic J)ictures obtain-
ed by inadequate processing of the specimens. 1 can prove the validity of my state-
ment to anybody with a desire for objective knowledge by several thousands of
methlyene-blue stained and impregnated preparations obtained from various

organs of higher invertebrates and vertebrates.
I do not want to discuss here the multi-processed, anastomosing interstitial cells

of Cajal, which according to Meyling form a true peripheral nerve reticulum both
in the reflexogenic zones of the aorta and in the carotid sinus. In my opinion they
are connective tissue cells bearing all the features typical of connective tissue
cells but none of those by which nerve cells can be differentiated from all other
kinds of cells. Here | wish to emphasize only that during examinations for more
than 25 years | consistently failed to detect the above terminal reticulum in vessel
walls. | never saw a structure of that kind in the many thousands of preparations
examined. According to my examinations, in man and animals alike, afferent
fibres end independently in neurofibrillar end plates both in the aortic arch and
carotid sinus without conjugating with any kind of interstitial cells. In fact, in
preparations over-impregnated with the Bielschowsky-Gros’ method, large pro-
cessed cells which anastomose with their processes as described by Meyling are
apparent in large masses in the endocardium, the aortic arch and in the carotid
sinus alike but in my judgment these have no relationship whatever with the end
systems of the afferent fibres. | still assert that these cells are multi-processed
connective tissue cells which differ radically from nerve cells both in their appear-
ance and structure and have no demonstrable relationship either with ortho-
or with parasympathetic fibres.

Hence the fact that the baroreceptor fibres end independently of each other as
well as of all other end structures, does not require a special explanation. Concern-
ing the concept of Meyling on the nerve connections in the carotid sinus I may
state again what | have already said in connection with the aortic fibres. Further
to this, I wish to emphasize that in the reflexogenic area of the carotid sinus’ wall
there is no nerve reticulum, the afferent fibres end freely in independent neurofib-
rillar end plates attaching to the outer connective tissue layer of the vessel wall
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without the mediation of any specialized anastomosing cell system. |1 am aware of

several inconsistent opinions, yet | state that in such cases evidence is served
exclusively by the preparations. | have studied the nerve system’s histological
structure in almost the entire animal kingdom for about 30 years. | have scrutin-
ized several tens of thousands of preparations from Turbellaria up to man but in no
case and no specimen did | see a reticulum in a satisfactorily convincing form.
Each structure having at first sight made the impression of being a reticulum was
in due course identified as a network (plexus) in which all fibres have remained

independent throughout. The fate of plexuses, with their fibre constituents, may be
dissimilar in different organs or positions, yet the fact remains that the thick fibres
of plexuses localized in reflexogenic areas continue in independent terminal fibres
which in every case end freely and separately.

Baroreceptors and Hypertension

As outlined in the foregoing, the nerve fibres and end plates constituting the
baroreceptors sometimes show different signs of degeneration or disintegration. It
was supposed that these phenomena give rise to changes in blood pressure as well
as in the morphology and physiology of the cardiovascular system. This implied a
relationship of baroreceptor degeneration with hypertension and associated con-
ditions.

A closer approach to this problem was made by investigating autopsy specimens
from persons who had died of diseases due to changes in the morphology and
physiology of the cardiovascular system (vitium cordis, myodegeneratio cordis,
arteriosclerosis, thrombosis, embolia, hypertension, emollitio cerebri, apoplexia).
In this material, examination of baroreceptors both in aortic arch and carotid sinus
yielded the following results:

In all conditions listed above, degeneration of receptor fibres as well as of their
neurofibrillar end plates was observed in a varying extent. In the first stage of
pathologic alteration, nerve fibres became enormously thick, formed loop-like
configurations or sometimes loose coils in their courses, assumed a vivid red colour
upon impregnation with silver and sometimes exhibited small white vesicles
inside the neuraxon.

In some nerve pictures, the baroreceptors showedvery remarkable signs of degen-
eration. In the fibres big spheres, highly resembling nerve cells and smaller and
larger thickenings with neurofibrillar structure, were apparent. These character-
istic thickenings, alternating with thin intercalated pieces of the neuraxon,
were present over the entire course of the nerve fibre. Among the thick fi-
bres were seen some thin ones with unchanged diameters, forming loose plexus-
like structures in the path of nerve bundles.

In the descents of nerve fibres, not infrequently elongate irregular thickenings
were seen. Also, very fine and straight side branches were apparent along the thick
receptor fibres. There were also spike-like formations observed on both sides of the
fibres. By the end of the degeneration process, vertical indentations appeared in the
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path of fibres which diverged from each other quite distantly so that they seemed
to be divided into quadrangular bodies connected with each other by very thin and
fine pieces of the neuronal axon. Subsequently, the fibres exhibited a marked
argentophilia and the neuraxons fell to pieces of varying sizes.

Degeneration was very conspicuous also with the neurofibrillar end plates. The
regular end arborization of the end fibres sometimes assumed a loose coil form, the
end plates themselves became larger and the neurofibrils appeared very sharply
both inend fibres and end plates. The latter developed remarkable argentophilia.
By the end of degeneration, the neurofibrils fell into pieces and small vesicles ap-
peared in large numbers over the whole area of end plates. This kind of accu-
mulation of small vesicles was regularly observed in material from very aged
persons with very advanced sclerotization of the tunica media (Fig. 191).

In certain diseases, both the end fibres and end plates of baroreceptors in the
carotid sinus showed a special form of degeneration. A typical condition in this
respect was embolia of the pulmonary artery due to thrombosis of the lateral
femoral vein. All preparations obtained from the carotid sinus of a patient having
died of this condition showed a general advanced degeneration. Irregular thick-
enings of different forms appeared in the course of the whole main fibre. In some
places the thickenings were extremely large and separated from each other by
very thin, occasionally quite long, pieces of neuraxon. The very thin side
branches arising from the main fibre maintained, however, their original dia-
meters for quite a long distance and ended in end plates of great extension.

The end plates of end fibres became extremely large, sometimes confluent and,
owing to their remarkable argentophilia, appeared very sharply all over the loose
connective tissue. All end plates consisted exclusively of small vesicles but also the
greatest part of the end fibres had changed into small vesicles. This phenome-
non is quite unique. No similar pictures whatever have been encountered in the
courseof ourstudies. Webelievethat the generaland peculiar degeneration phenom-
ena shown by baroreceptors in the carotid sinus are due to anoxia resulting from
the occlusion of the pulmonary artery.The feasibility of this assumption seems
to be supported by the finding that in the carotid sinus of the patient described
above, all baroreceptors were degenerated (Fig. 192).

By the end of the degeneration process, small vesicles are making an appearance
over the entire course of the end fibres. Simultaneously, the structures of end
plates become dense and knots of varying sizes appear in certain portions of end
plates and end fibres. It is remarkable that by the time the end fibres seem to be
entirely degenerated, their end plate systems appear to be still only half-way
to complete degeneration. This phenomenon implies a certain physiological and
morphological independence of the receptor fibres’ end systems. This, based on our
concept, is explicable by a close physiological relationship between connective
tissue cells and end plates.

Fio. 191. Homo. Sinus caroticus; nerve end fibre system in the adventitia, (a)
Nucleus of the connective tissue cell; (b) connective tissue fibre; (c) axon; (d)
varix; (e) degenerating neurofibrillar end plates. Bielschowsky-Gros-Cauna’s
method. Microscopic magnification400 X ,reduced photographically to 23



814

INNERVATION OF THE HEART AND BLOOD VESSELS

41G. 192. Homo. Sinus caroticus. Pathologically changed nerve end system in the

adventitia, (a) Nucleus of the connective tissue cell; (b) axon; (c) varix; (d)

neurofibrils; (e) pathological enlarged degenerated neurofibrillar end plate.

Jabonero’s method. Microscopic magnification 800 X, reduced photograph-
ically to y2



INNERVATION OF BLOOD VESSELS

Fig. 193. Homo. Aorta; degenerated nerve fibre end system in the adventitia,
(a) Connective tissue; (b) nerve fibre bundle; (c) depressor fibre; (d) degener-
ated nerve fibre end plates. Microphotography
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In the last stage of degeneration the end plates themselves disintegrate. During
this process the finest end fibres disappear and the neurofibrils seen in the end
plates split into tiny pieces. The latter become confluent and peculiar knots make
their appearance in the site of end plates. These knots, located close to each other,
melt together giving rise to knots of considerable size in the site of end systems,
wherein the fragments of the end fibres are quite clearly apparent. Such pictures
have been encountered mainly in specimens obtained from apoplectic individuals.

Following their disintegration, end plates belonging to a given end system
melted together and large irregular argentophilic knots arose in place of the end
plates. Sometimes the broken pieces of thick nerve fibres could be seen adjacent
to disintegrated end fibres and end plates, respectively (Fig. 193).

The regular occurrence of baroreceptor degeneration in hypertension implies a
close morphological and physiological relationship between the two phenomena.
This is easily explicable in respect of the aortic arch. The baroreceptor fibre supply
of the aortic arch originates mainly in the vagus, thus degeneration should start
either from the ganglion nodosum vagi or from the ganglion jugulare vagi, or in
both. Accordingly, functional deficiency of the first inhibitor system should be
due to degeneration of vagal ganglion cells. A closer examination of these ganglia
will be carried out shortly.

In respect of the carotid sinus, the above phenomena are less readily explicable

than with the aortic arch. In the carotid sinus, beside degenerated baroreceptor
fibres some entirely intact ones were also found. Degenerated and intact baro-
receptors were sometimes seen on one and the same microscopic slide. In view of
this, we offer the following explanation. As already described in the foregoing, in
the wall of the carotid sinus there are baroreceptor systems of two different origins,
sent from the vagal and glossopharyngeal nerve, respectively. Degeneration may
involve one, or both. In the case observed by us, receptors of only one system were
degenerated. The question is, which of the two systems was actually involved. This
remains to be clarified by a closer study of ganglia from the glossopharyngeal and
vagal nerves.

We believe that a detailed investigation of vagal and glossopharyngeal ganglia
connected with the haroreceptors obtained from patients who died of vascular
diseases will throw a light on this problem before long. Nevertheless, our present
knowledge already permits the conclusion that vascular hypertension is as-
sociated with a degeneration of the baroreceptor system.

Pressoreceptors anil Phylogenesis

According to both clinical and experimental observations, pressoreceptors,
called also haroreceptors, serve for the perception of internal and external pressure
on the vessel wall, namely of blood pressure. "Their special structures, surprising
multitude and special localizations imply a particular sensitivity of the vessel
portions in which they are present. The multitude and stratified arrangement ol
endings also imply that, as the sensory apparatuses of reflex paths in the area of
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the aortic arch and carotid sinus, they are particularly suitable for the initiation
of reflex processes. Also, the mass of nerve fibres, the giant systems of endings, the
refinement and richness of connections and the position and multitude of end
plates suggest that the baroreceptors act as interoceptor assemblies of specialized
structure, and are closely dependent also on the way of life and conditions of adap-
tation of the animal. Undoubtedly, hard and lasting work, running, and in general
movement systems and labours associated with remarkable fluctuations of blood
pressure exert an influence on the work of the heart, the actual state of blood
pressure and naturally also on the baroreceptors playing the role of inhibitors in
the circulatory system. Should this be the truth —which may hardly be doubted—
it certainly should imply the presence of certain specific features indicative of
genetic relationships and the trend of phylogenesis. This they actually do. Examin-
ing the formation, particularly the end systems of pressoreceptors either in phylo-
genetically related or unrelated species, we may detect in the descent of fibres as
well as in the structure, position and number of end plates certain typical features
which are characteristic of the individual species and also indicative of their degree
of relationship. For example, the close relationshipof the calf and buffalo is indi-
cated by the striking resemblance ofaxons, myelin sheathing, patterns of branching,
and particular varices of aortic receptor fibres as well as by the shape of end fibres,
the number, location and shape ofend plates. Also, they bear a certain resemblance
with the goat, namely in respect of the fibre’s thickness, and the structure of axon
and myelin sheath. The goat displays, however, well-defined particularities not
seen in the buffalo or calf, in that the thick fibres passing in the aortic arch are
accompanied almost along their entire path by a well-distinguishable neurilemma
and myelin sheath, containing elongate nuclei. At the last branching both of them
disappear and here is seen a phenomenon quite specific for the goat, viz. at the
site where the fibre’s sheath disappeared, the fibres gave off simultaneously several
very thin, smooth terminal rami. These pass adjacent to one another for a short
distance, then diverge and in the majority of cases continue in a bulky but loose
coil. Later on they exit from that coil with unaltered diameters, pass on and end
in densely neurofibrillar end plates of varying sizes. This formation did not appear
inthe aortic arch of any other examined mammal. It may have been developed inthe
course of adaptation to a new way of life after having parted from the common pre-
cursor. Further typical structures are constituted by the sheep’s receptor appara-
tuses both in the aortic arch and in the carotid sinus’ wall. Both of them are charac-
terized by distinctly coil-like structures. Of these those encountered in the
aortic arch are as a rule double and densely woven but in every case their consti-
tuent fibres end freely. The coils demonstrable in the wall of the sheep’s carotid
sinus wall are larger, looser and so typical that—as already mentioned above—
their ovine origin is detectable at first sight. A comparison of these conditions in
sheep and goat revealed notable structural differences between the two species.

In the pig, the baroreceptors are not only special but also quite characteristic,
'this applies particularly to those found in the aortic wall. Their most conspicuous
feature is the extraordinary thickness of the myelin sheath. No similarly thick
medullation was ever seen in any other species. The other typical feature is the



318 INNERVATION OF THE HEART AND BLOOD VESSELS

circular or spherical shape of nearly all intermediary plates. Further to this, the end
plates are roundish, large and their neurofibrillar network is loose. Naturally, simi-
lar formations are also seen in the carotid sinus, but the latter bear a certain re-
semblance with similar apparatuses in other mammals.

The above observations permit the conclusion that the structures, end forma-
tions, numbers and positions of aortic receptors are dissimilar in certain mamma-
lian species. These differences are not sharp in the genetically closely related
species, but are quite conspicuous in genetically unrelated ones. 1t is assumed that
the examination of this problem in more detail and on larger material will be a

great aid for the clarification of genetic relationships and also a useful tool for
pursuing certain problems of phylogenesis. In the course of my comparative
neurohistological studies | have repeatedly offered that means and also empha-

sized that the clarification of phylogenetic problems must not be derived solely
from the knowledge and evaluation of external features but should be extended
also to the internal features and structures as well as to their alterability by func-
tion and environmental factors. In my opinion the settling of these problems should
be based on fields characterized by a high degree of stability associated with
differentiation and a slowly progressive variability. Such a field is the nervous
system. 1 am convinced that as soon as the investigation of the nervous system is
conducted with greater intensity and in a larger field than at present, through
comparative studies, there will be revealed many characters, properties, consisten-
cies and inconsistencies which will throw a light on relationship and alterations
due to environmental factors thus promoting the progress of research on evolution.



5 CHEMORECEPTORS

The second group of specialized receptor apparatuses is constituted by the chemo-
receptors. Based ontheir localization and structure, these may be divided into two
groups: the glomus caroticum and the similar smaller nerve end apparatuses local-
ized mainly in the adventitia of the larger arterial trunks, namely in the truncus
arteriosus, arteria anonyma, aortic arch and arteria pulmonalis. The latter are
summarized under the general term “accessory glomera”. Below we describe first
the glomus caroticum, then the accessory glomera on the basis of observations
made by us in human and animal material, in the sequence of birds, mammals
and man.

GLOMUS CAROTICUM

The carotid glomus is a dense body of special structure and function. It is local-
ized at the upper end of the common carotid artery, usually in the vicinity of the
carotid bifurcation, and consists of connective tissue, islands of roundish epitheloid
cells and nerve fibres.

Birds (Aves)

The carotid glomus of birds is found close to the common carotid artery, near
the bifurcation, immediately above the ultimobranchial body. Essentially it is a
roundish, slightly elongate dense body, encased by a connective tissue capsule
constituted by collagenous bundles. Its blood supply is provided by the uppermost
portion of the common carotid artery. The proper tissue of the glomus inside the
capsule consists of mostly roundish islands of spherical cells separated by connec-
tive tissue columns originating in the capsule. It should be noted that the glomus’
division into smaller or larger islands is first observable in birds, yet in a
much less distinct and conspicuous manner than in the mammals to be discussed
below. The cells are attached closely to each other and in impregnated preparations
sometimes they contain minute granules. Otherwise the plasma is homogeneous
and the nucleus—aamely the nucleolus—is very conspicuous.

The main feature of the carotid glomus is its markedly abundant nerve supply.
As described by Muratori (1934) and Nonide/. (1935), the fibres innervating the
glomus are special rami from the vagal ganglion nodosum, which after entering the
glomus branch offrichly. The fibres forming the rami are thick, smooth and undu-
lating. SOMe fibres branch in a dendritic fashion at the organ’s margin within the
connective tissue capsule but also beneath it, and form loops of varying sizes.
Arborizations are particularly well visible in the glomi of young birds where the

U9
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Fig. 194. Columba domestica. Glomus caroticum, (a) Connective tissue capsule;

(b) artery; (c) glomus cell; (d) nerve bundle; (e) plexus periglandularis; (f)

plexus intraglomerularis; (g) nerve fibre. Bielschowsky-Abrahdm’s method.
Microscopic magnification 240 X, reduced photographically to %

complicated and especially rich fibre system typical of the glomi of adult birds had
not yet developed. Around, but also inside, the smaller islands, coil-like arrange-
ments of nerve fibres are so numerous that their descents are traced only with the
greatest difficulties. Nevertheless, in each case it was demonstrable that apart
from dendritic branchings, these fibres bore no dendritic characters, viz. abrupt
thickening, narrowing, varicosity, neurofibrillar intermediary and end plates were
absent. Careful examinations revealed only that the fibres becoming gradually
thinner after each branching run a long winding path around, or inside, the com-
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partment’s borders, then end in end knots, bulbs, or rings of varying sizes. These
end formations were described first by Nonidez from the glomus of newly hatched
chicks. Examination in adult birds have proved the validity of Nonidez’s findings
showing that the fibres end on, and between, the glomus cells actually in the forms
described by Nonidez (Fig. 194).

Mammals (Mammalia)

In mammals and man, the carotid glomus is essentially a small hidden organ. It
was discovered by Haller in 1743 and owing to its resemblance to a ganglion he
actually had considered it one. Later, the investigators refused this concept,
but the glomus’ true nature is still unknown. Luschka (1862) considered it a
gland and accordingly termed it “glandula intercarotica”. He claimed that the
carotid glomus was a cavernous organ with thick walls, associated closely with
the jugular part ofthe sympathetic nervous system. Kohn (1900) called it a para-
ganglion. The same opinion was stated by Watzka (1934), who named it “para-
ganglion caroticum”. According to Kohn (1903), paraganglia are secondary organs
of the peripheral nervous system and on the basis of their histological structures
they may be divided into three groups. To the first group belong those originating
from the sympathetic nervous system. These are the chromophilic and adrenaline-
producing paraganglia located in the abdominal and pelvic cavities. The second
group is constituted by paraganglia whose plexuses arise partly in the sympathetic
and partly in the cerebral nervous system, and only part of their cells is chromaffin,
the remainder not staining with chromium salts. With the third group are classified
the paraganglia located exclusively, or prevalently, in the cerebral nervous system.
The cells of these ganglia display no affinity whatever for chromium salts.

The carotid glomus of mammals is localized at the carotid bifurcation. It is
invisible externally. In this respect the horse is an exception as evidenced by our
studies performed on various domestic mammals [dog (Canis familiaris), calf
(Bos taurus), sheep (Oms aries), horse (Equus caballus)]. In the latter, the carotid
glomus is a macroscopically well visible, relatively large dense body, protruding
from the bifurcation, thus being readily excised for histological studies. The
glomus’ histological structure is essentially the same in mammals as in birds.
The insubstantial differences encountered are summarized below. In mammals,
the glomus cells are relatively large, usually elongate, elliptic, with a foamy cyto-
plasm. The connective tissue capsule is thicker, the septa dividing the cell islands
are more dense, the nerve fibres relatively thin (Fig. 195).

The glomus’ nerve supply is extraordinarily rich. The connective tissue capsule
is traversed by a multitude of rich fibre systems and nerve trunks. The fibres pass-
ing in the trunks gradually loosen to form extensive plexuses. It appears that
thesefibres have two different origins, part ofthem beingthick, part thin. The form-
er belong to the fibre system of the glossopharyngeal and vagus nerve, whereas
the latter are of sympathetic origin. The sympathetic origin of the majority of
fibres passing in the trunks is shown, beside their external appearance, also by
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Fig. 195. Ovis aries. Glomus caroticum, (a) Connective tissue capsule; (b)

glomerulus; (e) chemoreceptor cells; (d) nerve bundle; (e) periglomerular

nerve plexus. Bielsehowsky—Abraham’ method. Microscopic magnification
480X, reduced photographically to 12

the fact that in the descent of plexuses larger ganglia of the sympathetic type are
apparent (horse, pig) (Fig. 196). The ganglia are elongate and occur usually
at the margins of the connective tissue capsule where some of them may be ar-
ranged in a row-like sequence. The nerve cells are large, mostly multipolar and
show numerous particular forms both in pig and horse. Cell forms that have prac-
tically lost all features of a nerve cell occur particularly often in the ganglia of the
horse. Since, how'ever, here and there also normal ganglia, i.e. ganglion cells, are
seen, we believe that the peculiar appearance of the rest is due to ageing. In both
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Fig. 196. Equus caballus. Nerve cells and nerve plexus in glomus caroticum,

(a) Connective tissue bundle; (b) nucleus of connective tissue cell; (c) nerve

bundle; (d) nerve fibre; (e) nerve cell; (f) process of nerve cell; (g) special

nerve cell; (h) ganglion. Bielschowsky-Abraham’s method. Microscopic magni-
fication 200 X, reduced photographically to %
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the horse and pig, single nerve cells are seen beside the ganglia also in the descent
of nerve trunks and bundles. As a rule, these cells are attached to the nerve trunks
by strongly thickened processes.

In mammals as in birds, nerve fibres traversing the glomus cell islands form
extraordinarily rich plexuses constituted particularly at the margins of the islands
by nerve fibres of very variable thickness. The fibres forming plexuses inside the
islands are extraordinarily thin and most microscopic pictures suggest their
conjugation with the surface of glomus cells in the form of free endings, i.e. peri-
cellular coils. Further below we deal in detail with the carotid body of dog and man.

Dog (Canis familiaris)

The carotid body of the dog is an ovoid, elongate solid body located in the carot-
id bifurcation very close to the origins of the occipital and ascending pharyngeal
arteries, connected with the arterial wall by a thin layer of loose connective tissue.
The body itself is surrounded by a relatively thin connective tissue capsule. The
matrix of the body comprises cells known in the literature as “glomic”, “typical”
or “epitheloid” cells. The glomic cells present in the dog’scarotid body are rounded
or slightly elongate cells with roundish central nuclei. The cells do not extend
processes and have no neurofibrils in their cytoplasms.

In the dog’s carotid body the following nerve supply was found. Receptor fibres
originating from the vagal and glossopharyngeal nerves form on the body’s surface
a rich and loose plexus (plexus superficialis), whose fibres run parallel with the sur-
face. Fibres arising from this superficial plexus (plexus periglandularis) in the inter-
nal part of the body form loose or sometimes dense plexuses around the glomeruli
(plexus periglomerularis), then enter the glomeruli forming therein a loose plexus
(plexus intraglomerularis) whose end fibres are in intimate contact with the glomic
cells. Numerous appropriately impregnated sections have shown that the end rami
of receptor fibres terminate in the glomeruli. The terminals assume the form ofend
bulbs or end rings. End bulbs and end rings appear as roundish bodies located
between, or sometimes on, the glomic cells. No nerve end formations, either of
nerve fibres or neurofibrils, were detected inside the cytoplasm of glomeric cells.

In the dog’s carotid body, beside end bulbs and end rings conjugating with
glomeric cells, sensory nerve end systems were also detected which apparently
play an important role in the organ’sphysiological function. Onesensory nerve end
system was found along the arteries and a sensory end plate system in the area of
the glomeruli.

The sensory nerve end system located around the arteries is essentially a spiral
structure constituted by some thick nerve fibres embracing the wall of the artery
over a considerable distance. The nerve fibres forming the spiral are thick, undulat-
ing, of varying diameter, winding in some places around the entire circumference
of the vessel. This system may be feasibly called a periadventitial sensory end
system, responsible for the perception of stretch and dilatation of blood vessels,
control of blood flow towards the glomeruli and blood circulation in the carotid
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body. So far no similar sensory nervous system has been encountered in our material.
Since the nerve fibres constituting this system are thicker than those innervating
the glomus cells, we have assumed that the perivascular spirals belong to the vagal
nervous system.

The nerve end plate system found in the dog’s carotid body is quite unusual.
One peculiarity is that the end fibres forming the end plates are enormously thick
and occur quite seldom in the glomerular system of the carotid body. The other
peculiarity is that the end plates are of the same structure as the end plates of
pressoreceptors, the only difference being that in the carotid body they are much
smaller. In some areas of the glomeruli end plates occur in large numbers and are
sharply bordered against each other. In our opinion, based on morphological
findings, these end systems are pressoreceptor systems. In view of these circum-
stances it seems to be feasible that the carotid body serves not only for the per-
ception of certain chemical stimuli, but also for the perception of pressure
exerted by the blood vessels situated around the carotid body in the bifurcation

Man (Homo .sapiens)

The carotid glomus of man, belonging according to Watzka to the second group
of paraganglia is located in the bifurcation of the common carotid artery at the
posterior part of the medialis so that its upper portion protrudes over the branch-
ing and touches the wall of the internal carotid artery (Riegele). It is elongate
oval in shape. Its histological structure has been known fairly precisely on the
basis of descriptions by Marchand (1891), Schaper (1892), de Castro (192(5),
Riegele (1928), Sunder-Plassmann (1930), Watzka (1934), Meyling (193(5), Abra-
ham (1942), de Kock (1954) and others. Its examination is relatively easy, no
particular difficulties being encountered in sectioning and staining. No special
techniques are required for its processing. Histologically, its structure is readily
examined after staining with haematein and eosin.

The human glomus is encased by a relatively thick connective tissue capsule
which extends its processes (septa) into the organ, dividing it into smaller or
larger, roundish or elongate islands, the so-called glomeruli. The tissue consti-
tuting the septa is called interglomerular tissue, to distinguish it from the capsule.
From the interglomerular tissue, delicate bundles go to the glomeruli actually
responsible for the organ’s function.

The glomeruli consist of large polygonal oval or roundish cells being well de-
fined oidy in fresh condition. In materials from several days old cadavers,
usually available for neurohistological examination, only the nuclei of the cells
are clearly apparent. In such material, reliable examination of the cytoplasm
can be performed infrequently and even then only under high magnification.
In preparations from stored specimens the cells are shrunken, their cytoplasm
shows uneven borders and, as seen in preparations obtained by Bielschow-
sky’s method, retracted from the cell membrane. In his injection preparations,
Schaper found part of the cells arranged along the vessels like a simple cylindrical
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epithelium. This phenomenon is apparent also in impregnated preparations. This
was mentioned already by de Castro, who thought, however, that at certain sites
the capillary walls were constituted by the glomerular cells themselves. The above
observations inferred a very close connection of glomerular cells with the blood
vessels. A feasible explanation for this phenomenon would be offered by regarding
the carotid glomus actually as an endocrine gland.

As evidenced by Riegele and Watzka, part of the glomerular cells are chromaf-
fin. This implies that their cytoplasms maintain best their shapes in solutions of
chromic acid where they assume a yellowish-brown colour (Henle’s reaction).
According to Riegele, the cytoplasm reduces chromates which simultaneously fix
the cell contents. With other methods of fixation, the contents leak from the cell,
and deformation ensues. This phenomenon occurs also in cases when the specimen
is not fixed immediately after death in an appropriate chromate solution. The pres-
ence of chromaffin cells was denied by de Castro who on this basis opposed the
paraganglionic concept of the glomus caroticum.

The glomerular cells decompose rapidly. This was explained by Kohn by the
diffusion of cell contents in the surroundings. As known from the examinations
of Riedel and Wiesel, the cell contents are easily extracted from the cells in a
preparation. The chromaffin cells are not the exclusive constituents of the glo-
meruli, containing also cells resisting the staining with chromium. For this reason
Watzka classified the human carotid glomus with the second group of paraganglia.

The carotid glomus is richly supplied with blood. Its blood supply is provided by
a small artery, known as the glomus artery, which usually exits from the bifur-
cation of the common carotid artery, but may also arise in the external carotid
artery (Luschka, Heppner); Marchand described a case when it originated in the
internal carotid artery.

According to Riegele, the glomus artery enters the organ as a rule at its bottom
pole, then divides into numerous branches which form a rich network in the cap-
sule. From this network exit smaller arteries to the interglomerular connective
tissue, penetrating therefrom into the glomeruli where they subdivide to capillaries
among the rows of cells described above. The capillaries unite to form small veins
already inside the glomeruli and these join the veins passing in the interglomerular
connective tissue. These veins are passing outward, while their calibres increase
and unite with the venous plexus surrounding the glomus.

The above survey implies that the location, position and structure of the human
carotid glomus have been fairly well known. Yet Berkelbach van der Sprenkel
(1934) raised the question “Was ist eigentlich das Glomus caroticum?”* and
answered, “Das wissen wir eigentlich nicht”** . Therefore the carotid glomus still
presents a wide scope for research. Below we describe our observations made on
the innervation of the human carotid glomus using various silver impregnation
techniques.

The carotid glomus, as had already been observed earlier, receives its nerve
supply partly from the ramus caroticus of the glossopharyngeal nerve, partly

*“W hat actually is the carotid glomus?”
** “That we do not actually know.”
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Fig. 197. Homo. Glomus caroticum, (a) Connective tissue capsule; (b) glome-

rulus; (c) chemoreceptor cells; (d) periglomerular plexus; (e) intraglomerular

plexus; (f) nerve bundle. Bielschowsky—Gros—€auna’s method. Microscopic
magnification 480 X ,reduced photographically to %

from the laryngeus superior of the vagus or from the vagus itself. In addition,
fibres are sent by the upper jugular ganglion of the sympathetic trunk and very
likely sometimes also by the glossopharyngeal nerve itself. The fibres originating
from the different nerves form a plexus around the glomus, called plexus peri-
glandularis (Fig. 197). This plexus consists of bundles of varying thickness, attach-
ing closely to each other and frequently also exchanging their fibres. Along the
fibres passing in smaller or larger trunks tapering nuclei are apparent which are
the nuclei of the Schwann sheath. According to earlier investigators there are
smaller and larger ganglia in the descent of the bundles. In human material, |
saw no ganglia myself but inconsistently with the views of Wilson and Billingsley
I may state that single ganglion cells actually do occur in the plexus. The latter
are clearly recognizable in haematein—eosin-stained and impregnated prepara-
tions. As judged by their outer appearance and structure these cells seem to
belong to the sympathetic system.
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Fig. 198. Homo. Glomus caroticum, (a) Chemoreceptor cell; (b) periglomerular

plexus; (c) intraglomerular plexus; (d) varix; (e) neurofibrils. Bielschowsky-

Gros—€auna’s method. Microscopic magnification 1350X, reduced pho-
tographically to %

From the periglandular plexus smaller trunks are passing to the borders of the
glomeruli where they go nearly in a circle on the cell border and constitute the
periglomerular plexus. The fibres of this plexus usually pass on, traversing occasion-
ally the whole glomerulus or, more often, they return from its border. Inside the
glomerulus the entering and returning fibres form a dense variable plexus known
in the literature as intraglomerular plexus (Fig. 198).

Figure 199 presents an 1800X magnified clear view of the intraglomerular
plexus’ structure and its junction with the cells. The cells seen in the figure are
surrounded by an almost regularly-shaped coil constituted by varicose, sharply
fibrillar nerve fibres. The coil’s structure infers its sensory nature as well as the
presence of tactile cells. These and similar coils may be present in such abundance
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Fig.199. Homo. Glomus caroticum. Intraglomerular nerve coil, (a) Chemorecep-

torcell; (b) nerve fibre; (c) neurofibrils; (d) varix; (e) intermediarly pate; (f)

nerve fibre coil. Bielschowsky—6Gros’ method. Microscopic magnification
1800 X ,reduced photographically to %

and variety within a single glomerulus, that their correct copying by drawing is
practically beyond consideration (Fig. 199).

The intraglomerular coils are not bordered against each other, being most fre-
quently linked by fibres, some of them passing further and ending in the next
glomerulus’ system. Thus the adjacent glomeruli are closely linked with each



330 INNERVATION OF THE HEART AND BLOOD VESSELS

Fig.200. Homo. Nerve plexus in the glomus caroticum, (a) Connective tissue;

(b) nucleus of connective tissue cell; (c) chemoreceptcr cell; (d) nerve fibre;

(e) periglandular plexus; (f) periglomerular plexus; (g) intraglomerular ple-

xus. Bielschowsky-Abraham’s method. Microscopic magnification 600X,
reduced photographically to %

other and form a coherent physiological unit irrespective of their apparent in-
dependence and separation (Fig. 200).

Al coil structures are variable, being constituted by such large masses of thick
and thin fibres as to render the identification of their structure and function nearly
impossible. Therefore, in order to settle this problem it should be clarified whether
the nerve fibres do end in the carotid glomus, and if they do, how. After a thorough
examination of the preparations we answered the first item in the affirmative.
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Fig. 201. Homo. Nerve endings in the carotid glomus, (a) Connective tissue;

(b) nucleus of connective tissue cell; (c) chemoreceptor cell; (d) nerve fibre;

(e) nerve plexus; (f) nerve ending. Abraham’s method. Microscopic magnifi-
cation 1350X, reduced photographically to y2

We found that the delicate varicose fibres, constituting the plexus forming some-
times a pericellular bag around the cell, ended freely either between, or on, the
cells. According to our examinations the terminals are end knots, bulbs or rings,
well visible in the thinner sections under a high magnification. These endings
appeared in larger numbers, particularly in the central part of the intraglo-
merular plexuses (Fig. 201, Plate V/b, p. 247).

Beside the smaller end bulbs and end rings in some cases the fibres ended in a
fiower-like pattern formed by wraith-like neurofibrils surrounding the dense,
angular end body.
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As with the experience obtained form animal material (rat, guinea-pig, hedge-
hog, cat, dog, pig, sheep, cattle, horse), the bulk of the glomeruli consists of
glomus cells. Beside them, there are also relatively many capillaries and sinusoids
present. The latter are most conspicuous in the relatively thicker sections,
nevertheless they might also be encountered with unexpected clearness within
the glomeruli as well as in the interglomerular and periglomerular connective
tissue. Such phenomena were observed mainly in histological preparations from
glomera of individuals suffering from respiratory troubles (cor pulmonale).

It is usual to distinguish among the glomus cells chief and accessory cells
(Adams, 1958). The greater part of the glomeruli consists of chief cells, while
accessory cells are located usually near the capillaries and the sinusoids prob-
ably even forming the wall of the latter, as described by most of the authors.

The chief cells are polygonal or spherical, relatively large cells. They have differ-
ent diameters in different species of mammals. In man, the diameter varies from
7-5to 8 fx (Martinez). The nucleus is spheroidal, conspicuous and bordered sharply
by a nuclear membrane. As stated by de Kock (1954): “.. . the nucleus remains
unstained with most stains and contains up to three nucleoli”. The cytoplasm is
occasionally granulated. Some workers have observed mitotic forms. Certain authors
observed the cells to be sharply bordered against each other, -while according to
others they anastomosed through their processes and protrusions, and have even
formed syncytia. The independence of the cells in contrast to their syncytial
character has been advocated by de Castro (1926, 1951), de Winiwarter (1926),
Zimmermann (1942), Watzka (1943), Hollinshead (1943, 1945), and Ostermann
(1952). The syncytial theory has been maintained by White (1935), Meyling (1936,
1938), and Martinez (1939). There are authors (Hollinshead, 1943) claiming to have
seen fine connective tissue elements to separate the cells. Others, however, have
even seen capsular cells around the glomus cells. As mentioned in the book on
Comparative Anatomy by Adams, there was an author (Clermont, 1955) who
stated “that the cells of the carotid body possess longer processes, true non-
medullated axis cylinders”.

The number of mammalian species having two different types of chief cells in
their carotid glomus is relatively high, according to certain authors (Sato, 1932).
One type isthe so-called “light”, the other the “dark”.In the literature, the form-
er is usually remembered as “chromophobic”, while the latter as “ehromo-
philic” type. The protoplasm of the light cells stains poorly with eosin, the nucleus
contains little chromatin and the number of nucleoli is one or two. The dark cells
are intensively stained by eosin, and have small, chromatin-rich nuclei (de Castro,
1929). The existence and the relative incidence of these two cell types have been
related to the age or sex and some even state that their incidence is related to the
number of hours elapsed between death and the time of the specimen’s fixation.
Others, as stated by Adams, “... regard the ‘light” and ‘dark’ types of different
origin”. Langer thinks that the two cell types are actually two different appear-
ances of one and the same cell type.

In the chief cells, mitochondria are frequent which according to the electron
microscopic study of Lever and Boyd (1957) are different in the light and the dark
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cells. There are certain authors who have described in the glomus cells Nissl
granules, neurofibrils, neurofibrillar networks and some even lipid inclusions and
pigment granules.

In the second group of glomus cells are included the accessory glomus cells.
To these belong the type 2 glomus cells described by de Kock. These cells are
« .. .ordinarily ovoid or elongated, and usually somewhat smaller” as stated by
de Kock (1954). They are present between the sinusoids or capillaries and the type
1 cells, though in a much lower number than the cells belonging to type 1, or to
the chief cells. Asarule, three to six type 2 glomus cells are present in one glomeru-
lus per twenty to thirty type 1cells. The former attach so closely to the walls of
the capillaries that they seem to be part of the vessels’ walls. Their nuclei stain
readily and contain usually one centrally localized nucleolus. According to de
Kock, it is particularly characteristic for these cells that “nerve fibrils, simple
and beaded, ramify across and/or through the cell”. Some have classified also the
interstitial cells of Cajal with the accessory cells. De Kock attaches great impor-
tance to these cells, particularly in respect of the nerve interconnections. Two types
of these cells have been discovered by her in the carotid glomus (cat, sheep, rat).
She mentions one type as “stellate”, and the other as “non-stellate”. According
to her description, in impregnated preparations these cells are embedded “. . . in
the neurofibrillar plexus of the glomerular tissue in close proximity to both types
of glomus cells”.

According to the literary data, nerve cells and fuchsinophilic cells should also be
regarded as accessory cells. Fuchsinophilic cells contain granules intensively staining
with fuchsine (Hollinshead, 1945). De Kock (1954) detected in impregnated prep-
arations certain cells which she designated fuchsinophilic, i.e. “red” cells.

The occurrence of nerve cells of sympathetic origin has been described (Boyd,
1937) in the connective tissue surrounding the carotid glomus and more seldom
in that between the glomeruli.

Up to now we have not attempted a closer study on cytological conditions in
the carotid glomus, our chosen field being rather its innervation, that is the clari-
fication of the nature of relationship between the individual end fibres of the rich
nerve fibre systems sent to the glomerular region and the glomus cells which,
based on this view, we have considered roughly uniform in shape and structure.
Yet at present we are in a position to comment objectively on this question,
having collected in the meantime sufficient material for doing so. In this country.
Dr. Wiltner (Kékesteté) and Dr. Niedermiiller (Gyongyds) have recently rou-
tinely performed glomectomy for the treatment of asthma bronchiale. Part of
the removed glomera were submitted to my laboratory for histological diag-
nosis, thus | had the possibility to study perfectly fresh material by cytolog-
ical as well as neurohistological methods.

In order to get more familiar with the morphology and fine structure of the much
studied and much discussed glomus cells, we have prepared serial sections from
appropriately fixed specimens and performed several staining studies with differ-
ent methods presently available. For neurohistological studies the specimens
were fixed in 10 per cent neutral formalin and the material was used to prepare
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frozen sections. The preparations obtained were impregnated by the number 11
Abraham procedure, described in the first part of this volume. The 30 < thick
impregnated frozen sections were then embedded and used for the preparation of
serial 5 /i thick sections which were stained with carmine or haematoxylin in order
to permit the examination of the end system and the connections of the nerve
fibres” terminal fibres with the glomus cells, very well impregnated by the method
applied. A detailed study of the specimens and histological preparations thus
obtained permitted the following conclusions in respect of the cytological and
neurohistological problems outlined above.

In both human and animal specimens, glomus cells were in general found to be
very similar, having a homogeneous protoplasm and being of a polygonal or
spherical morphology. The distinction of chief and accessory cells appeared to be
only partly justified, type 2 cells of de Kock (1954) being only vaguely distinguish-
able from the chief cells on the basis of the features given in the literature. Never-
theless, there are certainly some cells here and there which differ from the chief
cells mainly in respect of the shape of their nuclei and in their staining reactions.
It is mainly the structure and the staining characters of the nuclei which seem
to permit such a differentiation.

The chief cells are sharply bordered against each other and there was no sign
whatever of anastomosis. The nucleus is a spherical homogeneous body localized
in the middle of the cell and being usually poorly stained by common nuclear
stains. In the cytoplasm there are smaller or larger vacuoles, their presence is,
however, neither general nor specifically characteristic. The cells do not have
processes, there are no tigroid granules in their cytoplasms, neither are there
neurofibrils nor neurofibrillar networks detectable. The differentiation of light
and dark glomus cells did not seem to be justified on the basis of the cytoplasm’s
staining. The incidence of cells of one or another staining was sporadic and
seemed to be the result of certain external or internal factors or, of the latter’s
changes.

As to the nerve supply of glomeruli, | would emphasize the following in accord-
ance with my previous statements: In man, the nerve supply of glomeruli of the
carotid glomus is particularly rich. Among the animals examined (rat, guinea-pig,
cat, dog, swine, sheep, calf, horse) none had exhibited a richness of nerve supply
comparable to that in man’s carotid glomus. In the latter, particularly in thicker
sections, the glomeruli consisting of glomus cells are traversed by such a multi-
tude of nerve fibres of different calbres that they hardly allow for the detection
of the glomus cells themselves.

The nerve fibres, which practically overflowed the interglomerulal connective tis-
sue and the interior ofthe glomeruli, may exhibit remarkable alterations in persons
of different ages, suffering from different diseases. In certain cases, all nerve fibres
are especially thin, smooth, forming concentric and elongate coil systems which
either cross each other or form regular circles. In other cases, however, part of the
fibres are thin, smooth-edged, while others exhibit smaller or larger, sometimes
extraordinarily long varices connected with each other through shorter or longer
thin connecting pieces. Fibres exhibiting varices and indentations similar to those
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apparent in pressoreceptor fibres are not infrequent either, particularly in aged
persons.

All kinds of nerve fibres ramify near their site of junction with the glomus cells.
The branches become remarkably thin, constituting a plexus hardly visible even
microscopically. In that plexus, the terminals of nerve fibres are very difficult to
trace in autopsy material. As described above, naturally also in such materials
have been detectable delicate end fibres ending in relatively large and conspicuous-
ly sharp end rings and also end rings whose junctions with the nerve fibres were
not visible. Thus, at first sight it was surprising that in freshly fixed specimens the
number of end rings was extraordinarily high. While examining these preparations,
I wondered about why | could so seldom see the ends of the nerve fibres, res-
pectively the latter’s connections with the glomus cells in specimens obtained
from autopsies. | think I am right in supposing that in preparations obtained
from cadavers, the endings are poorly detectable even in perfectly impregnated
preparations because these, being in close connection with the cells, are dis-
integrated simultaneously with the latter.

The ring-shaped endings of nerve fibres are detectable everywhere inthe glomer-
uli, particularly on their periphery where multitudes of them make an appear-
ance when viewed through the microscope, located either at varying distance or
quite close to each other. The actual relationship of these endings, i.e. rings,
with the cells, is difficult to clarify even by examinations made on fresh material.
A very intimate connection between cells and endings is at least doubtful. Fibres
may probably end in the cells, but terminals may be located as well on the cell’s
surface, without entering its cytoplasm. The intimate connection of nerve fibres
with glomus cells, as well as the strong influence of the nervous system on glomus
cells, are suggested by the presence of numerous nerve endings inside the glomeruli.
On the basis of recently obtained microscopic pictures | do not hesitate to suppose,
or rather state, that each glomus cell has its own nerve connection and probably
even more than one nerve fibre may end on, or in, one glomus cell (Fig. 202,
Plate Y/d, p. 247).

Accordingly, my concept on the end connections of nerve fibres in the glomeru-
lar area correlates well with that of de Castro (1929) with the difference, though,
that on, between, or perhaps also in, the cells I have not seen menisci (menisques
terminaux) like him but distinct rings or rather end knots, i.e. end spheres.

Thus | am obviously in no position to agree withMeyling (1938), Goormaghtigh
(1939) and de Kock (1954) who stated that the interstitial cells are playing the role
of mediator betweenthe nervous system and glomus cells. |1 donot agree either with
the view that the intermediary cells—if there are any—are embedded *“in the
neurofibrillar plexus of the glomerular tissue in close proximity to both type glomus
cells” and that “... one or more interstitial cells seem invariably intercalated
between the point of entry of the fibre into the glomerulus and the glomus cells
themselves”.

On the basis of my preparations | cannot confirm the statement by de Kock
(1954) that *. .. fine branches pass to enter the cytoplasm of the glomus cells”.
Also, | failed to detect among the glomus cells any neurofibrillar plexus synapsing



336 INNERVATION OF THE HEART AND BLOOD VESSELS

Fie. 202. Homo. Glomus caroticum, (a) Nucleus of connective tissue cell; (b)

connective tissue fibre; (c) plexus periglomerularis; (d) plexus intraglomeru-

laris; (e) nerve fibre; (f) nerve ending. Abraham’s method. Microscopic
magnification 600 x , reduced photographically to 11

with the end branches of the glossopharyngeal nerve (Meyling). There are no
interstitial cells and even if there are any, they have no role in the conduction of
impulses. In fact, they are simple connective tissue cells whose processes may
anastomose but there is no evidence whatever for their nervous nature. The
non-existence of an "independent” neurofibrillar plexus not connected with the
end fibres of the glossopharyngeus is evidenced by the degeneration ensuing in
the cat after nerve transfixion. The same was demonstratedelectronmicroscopically
by Ross (1957), showing that the end fibres of the glossopharyngeus end directly
and freely on the surface of the glomus cells.

It should be noted in this context that in a capsular vein of the human carotid
glomus we have found a nerve ending showing a structure identical wdth the
pressoreceptor-type nerve endings occurring in large masses in the aortic arch and
carotid sinus. This end formation as well as those detected by us in the capsular
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arteries of the carotid glomus in sheep and dog, is suggestive of the presence in
the carotid glomus’ vessel system of rich sensory nerve end systems responsible
for the control of blood flow through the glomus in accordance with the actual
physiological state, through stimuli from the nervous centres in the medulla oblon-
gata and the respective portions of the sympathetic nervous system.

Once the structure of the carotid glomus was elucidated, the question was
justly raised what purpose this hidden and complicated organellum might serve.
It was considered by Arnold a haemangioma, whilst by Kose and Stilling a chromo-
philic organ. After having destroyed the carotid glomus of experimental animals,
Vassale, Lan/.flotta and Massaglia observed glycosuria in them. In experimental
animals injected intravenously with glomus extract. Frugoni observed hypo-
tension and bradycardia. The opposite was stated by Muflon who reported eleva-
tion of blood pressure in horses given glomus extract. The experiment by Muflon
was successfully reproduced by Lansilotta. In young cats, Fischer and Betge
extirpated bilaterally the bifurcation region of the carotid artery and (i weeks
later the animals developed inappetence, poor dentition and retardation of growth.
Also, their bones were porosé, calcium-poor and the usual ossification centres
were missing. Inconsistently with these observations Klug claimed to have found
neither physical nor clinical signs in young dogs after extirpation of the carotid
bifurcation region as well as the common carotid artery. From this he concluded
that the carotid glomus is of no vital importance and regarded it accordingly as
an accessory organ intermediate between the thymus gland and adrenals.

De Castro, who examined the carotid glomus first in 1926, concluded that this
organ performs the function of a gland. As an explanation he offered that the
glomerular cells are not so much chromaffin as epitheloid cells, showing a cyto-
plasmic vacuolization. In his opinion, the cytoplasmic mitochondria as well as the
nuclear alterations were indicative of the glomerular cells’ glandular function.
As a further support of his hypothesis, de Castro referred to the specific sensory
nerve endings detected by him in the walls of the carotid glomus’ arteries and
regarded them as endings of glossopharyngeal or vagal fibres. He supposed that
changes in the blood pressure or composition of blood would produce a stimulation
of these sensory endings which is then conducted through the centripetal fibres
of the glossopharyngeal nerve to the medulla oblongata, where through the effer-
ent fibres of the same nerve a stimulus is conducted to the carotid glomus’ cells,
initiating their secretory activity. The secretion is then carried to the blood stream
and distributed throughout the organism.

De Castro resumed his examinations of the carotid glomus in 1928, and based
on his newer findings revoked his earlier views. He stated that there are no centri-
fugal secretory fibres in the intercarotid nerve arising in the glossopharyngeus,
but it consists exclusively of receptors. Therefore the carotid glomus is not so
much a gland as a sensory organ serving the perception of the “qualitative
changes” taking place in the blood.

Sunder-Plassmann (1930), who examined the histological structure of different
carotid glomera by staining and impregnation techniques, reported inconsistent
results and noted that the function of the carotid glomus “keineswegs restlos
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gekléart ist” (“is by no means perfectly elucidated”). He stated that the glomus
cannot be the anatomical basis of Hering’s sinus reflexes, as the specific receptor
is located in the carotid sinus’and not inthe glomus’wall. Yet, as judged by its
structure and abundant blood and nerve supply, it cannot be an accessory
organ.

In the investigation of glomus function, the experiments of Heymans and
Bouckaert (1939) have been a great step forward. They detected in the carotid
glomus certain receptors which, depending on the actual blood level of C02 exerted
reflectorically either a stimulatory or a paralysing action on the respiratory centre
in the medulla oblongata. Heymans and Bouckaert proceeded from the known
physiological fact that out of the chemical factors carbon dioxide and oxygen are
playing the most important role in the regulation of circulatory functions. The
respiratory centre of the medulla oblongata is stimulated by C02rich blood, while
paralysed sometimes to the grade of apnea by CO02poor blood. Heymans and
Bouckaert experimented on dogs and set up an ingenious system by isolating the
carotid sinus from the circulation, leaving the nerve supply intact. Flow of oo 2 -
rich or (XT-poor blood through the isolated carotid sinus stimulated, respectively
suppressed, the respiratory centre, even causing apnea. The stimulatory effect on
the carotid sinus was observed even when the C02content of the blood was
below the physiological level. Hence these experiments evidenced the presence in
the carotid sinus of specific receptors, influencing reflectorically the respiratory
centre. The same experiments proved that the chemoreceptors of the carotid sinus
are localized in the region of the carotid glomus, as already assumed by de Castro
on the basis of his morphological studies. The receptors of Hering’s sinus reflexes
operated by the pressure exerted on the vessel wall, localize in the sinus wall.
Also, the experiments by Heymans and Bouckaert proved that after artificial
embolization the carotid sinus’ region lost its chemosensitivity, while its pressure
sensitivity remained unimpaired.

The studies by Heymans and Bouckaert have pointed out the right approach
to the structure and function of the carotid glomus, “this mysterious tissue”
(Heymans and Neil, 1958). In the meantime, dozens of workers have conducted
tenacious research to give a reliable and definitive answer to the innumerable
questions arisen in this context. These questions, put in various forms by workers
of different fields, may be essentially grouped with two problem complexes. As
put by L. Ross (1957), one ofthem is “the mechanism of the response of the cell to
lowered blood oxygen tension”, the other “the means whereby the chemoreceptor
cell initiates an impulse along the afferent nerve fibre”. Both complexes are being
extensively studied and there is hope of arriving at definitive conclusions before
long.

ACCESSORY GLOMERA

The designation “accessory glomus” has been applied to island-like formations
of varying sizes seen in the adventitia of the pulmonary artery and large arteries
or in the associated periarterial connective tissue, namely in the fat tissue accumu-
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lated therein. Structurally, the connective tissue bundles arrange as a rule in a
capsule-like manner around the insulae. Inside the capsules, the matrix is consti-
tuted by small, roundish or slightly elongate cells attaching closely to each other.
The nuclei and, especially, the nucleoli of the cells are very conspicuous in silver-
impregnated preparations. Usually one or more myelinated nerve fibres enter
the capsule and once inside, they give off numerous rami which become thinner
and form a rich plexus in the insula. Accessory glomera occur in larger numbers
in insulae where the arteries branch or give off larger branches.

Birds (Aves)

According to our findings, in the arterial system of birds accessory glomera
occur in the outer adventitia of the arterial trunk, arteria anonyma and aorta,
near the periarterial connective tissue. All of them are smaller or larger cell
insulae, occurring in groups, pairs orsingly, in varying extensions. Their structure
corresponds to that of the glomus, being encased by a thick capsule formed of
collagenous bundles, containing numerous vessels and nerve trunks of varying
thicknesses. Nerve bundles and branches exiting from the latter constitute a
rich plexus which, according to our observations, contains neither ganglia nor
single nerve cells. From the connective tissue capsule surrounding the organellum
exit bundles which surround the individual cell insulae. The main constituents of
the glomeruli are the glomus cells. They are roundish, with very conspicuous
nucleoli, homogeneous cytoplasms and circumscribed margins. They are arranged
close to each other.

Nerve fibres entering the cell insulae from the plexuses surrounding the orga-
nellum, i.e. the cell insulae, are occasionally very thick, their borders are smooth
and undulating, with relatively frequent dichotomic branchings in their descents,
resulting in a gradual narrowing of the fibres. The thin fibres form in some places
loops, in other places elongate plexuses. The terminal rami often intertwine with
each other and form dense plexuses whose single fibres conjugate closely with the
epitheloid cells (Fig. 203).

The first survey of our preparations prompted us to assume that there are no
nerve endings in the cell insulae, the linking organ being the nerve plexus in which
we failed to detect endings of the fibres. Later on, however, after careful examina-
tion at higher magnification, we discovered nerve endings between, or around,
the cells. These endings appeared to belong to two types: coils and end bulbs. The
former, seen only under very high magnification, are very delicate loose coils
constituting the terminal structure of a single fibre and surrounding the cell
entirely. Such formations were seen relatively infrequently but in every case
they appeared as true endings conjugating with the cell surface over a large
area. The other type of endings are the end bulbs which—as suggested also by
their name—are in most cases roundish in shape, but some of them are elongate
or even tapering.
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Fig. 203. Ardea cinerea. Accessory glomus in the aortic wall, (a) Connective
tissue capsule; (b) connective tissue; (c) nucleus of connective tissue cell; (d)
glomerulus; (e) chemoreceptor cell; (f) nerve fibre; (g) varix; (h) periglo-
merular plexus; (i) intraglomerular plexus. Bielschowsky-Abraham’s meth-
od. Microscopic magnification 600 X, reduced photographically to f2

Mammals (Mammalia)

In mammals, we found accessory glomera in the pulmonary artery, aortic arch
and endocardium. In the pulmonary artery, namely of the cat and pig, accessory
glomera were foundin a larger number where the artery divided into two branches.
In that region, numerous accessory glomera were detected in the fat tissue
surrounding the pariarterial connective tissue along the descent of the arteries,
particularly of the cat. These glomera were relatively small, roundish tissue com-
plexes whose nerve elements yielded particularly well to impregnation. A larger
number of accessory glomerawas found also in the pig. They were localized mainly
at the branchings of the pulmonary artery in the periarterial connective tissue
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Fie. 204. Homo. Areus aortae; chemoreceptors intheadventitia. (a) Connective

tissue; (b) nucleus of connective tissue cell; (c) chemoreceptor cell; (d) nerve

fibre; (e) nerve fibre plexus; (f) varix. Bielschowsky—Gros’ method. Micro-
scopic magnification 800X, reduced photographically to y2

and in the outer adventitia. The accessory glomerafound in the pig were relatively
large, elongate and the protoplasm of glomus cells was of a foamy structure. Inner-
vation was poorer and nerve fibres impregnated less readily than in the cat.

Man (Homo sapiens)

In man, accessory glomera were found in large numbers in the outer adventitia
ofthe aortic arch. They were also described by Seto under the name “paraganglia”.
These bodies as well as their constituent cells are relatively small similar to the
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glomus cells in general. Nevertheless, the nerve supply of human accessory glomera
is incomparably more rich than that described for other mammals in the foregoing.
Nerve fibres arriving at the organella in a myelin sheath, branch off and form a
very dense coil system among the glomus cells. In the glomus the ends of nerve
fibres are invisible (Fig. 204).

Apart from some very slight dissimilarity, the structures of accessory glomera
are essentially identical with that of the carotid glomus. This consistency is sug-
gestive of their being considered chemoreceptors, too. This is supported also by

the fact that in every case, numerous precapillary arteries and capillaries have
been detected around the glomera.

INNERVATION OF THE HEART VESSELS

The blood supply of the heart is provided by the coronary and intracardial
arteries. All these vessels are very rich in nerve fibres, in general richer than the
vessels supplying the other parts of the body with blood. Of the heart vessels we
describo in detail the innervation of coronary arteries, sinus coronarius cordis,
vena cordis magna and intracardial vessels, as observed by detailed examination

of respective specimens from pig, calf, roe-deer and man.

Coronary Vessels

The innervation of the coronary vessels differs from the general schedule of ves-
sel innervation. Therefore, the nerve connections of the coronaries are discussed
separately below. The relevant differences may be summarized as follows: the
nerve supply of the coronaries is in general richer than that of other vessels. The
tunica media of the former is particularly richly innervated. Nerve cells of special
structures are present in the periarterial plexuses and here and there also in the
vessel wall.

Coronary Arteries

The nerve connections of the coronary arteries (arteriae coronariae cordis)
were examined on a variety of materials (calf, roe-deer, pig, man). These studies
were very time-consuming, hut by tenacious work we succeeded in obtaining prep-
arations which allowed the clarification of all details of nerve connections.

Examination of the innervation of coronary arteries are rendered particularly
difficult by the fact that vessels from larger animals are very hard and the frozen
sections prepared from them resist impregnation even more than the usual mate-
rials. With specimens from man, difficulties have been encountered mainly in the
cutting procedure. It is known that in the majority of cases sclerotization results
in a marked hardening of these vessels. In the impregnated preparations, mainly
in those obtained from older subjects, the tunica media was scattered with smaller
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or larger calcium granules or concretions,

staining black by impregnation. Also, the

specimen may be so hard as to resist

cutting by the microtome blade. In a case

when we prepared longitudinal tangential

sections from a human coronary artery,

we noticed that the knife’s edge was

fractured !l immediately started to search

the reasons of this uncommon phenome-

non. | examined the frozen vessel wall

very thoroughly and detected a slightly

luminescent homogeneous body in the

adventitia. This | removed with a dissect-

ing needle and noted with surprise that

it was a stone of a size relatively large in 4 it
context of the vessel s measurements and  the WaU of the arie s coranars cordie
of its position therein. This stone blunted Photography

the edge ofthe microtome knife (Fig. 205).

Both in man and animals, the condi-
tions of innervation were examined by a uniform procedure in frozen tangential
sections impregnated by different modifications of Bielschowsky’s method. In the
preparations prepared in large numbers, the following observations were made on
nerve connections.

Around the coronary arteries, particularly of man. a rich periarterial nerve
plexus is present. Most of the fibres constituting the plexus pass parallel to the ves-
sel’s longitudinal axis, while the minority link the larger trunks and vessels with
each other, taking various directions. In the trunks, bundles and nerve branches
passing in the plexus, two kinds of fibres are apparent, one of them thicker, the
other thinner. The larger part of the fibres is smooth, undulating and arranged in a
hair-tress-like pattern. The smaller part of the fibres is thick, varicose, straight,
here and there fibrillar, and in most cases impregnates more strongly than the
thinner ones (Fig. 206). The thin fibres belong to the sympathetic, the thick ones
to the vagal sensory system. It is of interest that, particularly in specimens
from animals, thick vagal parasympathetic fibres impregnate deep black, while
the sympathetic fibres stain pale, thus being readily distinguishable from each other.

In the periarterial plexus particularly of man, numerous ganglia and nerve
fibres are apparent. Most of these nerve cells are multi-processed and may be clas-
sified as Dogiel type I. The dendrites are conspicuously short and mostly end very
close to the cell in dendrite plates. The neurite is thick and enters the nerve trunk.
Some of the cells, particularly in human material, show a peripheral confluence of
dendrites, giving rise to cell formations known in the literature as windowed cells.
Nerve cells, singly or in pairs, are seen relatively frequently also along the paths
of nerve trunks. They are multipolar and their dendrites are extraordinarily short.

Nerve trunks supplying the vessel wall run directly at the border, i.e. in the
outer layer, of the adventitia. Their positions and trends are suggestive of their
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Fie. 206. Homo. Arteria coronaria cordis dextra; nerve fibre plexus in the ad-

ventitia. (a) Connective tissue bundle; (b) nucleus of connective tissue cell;

(c) thick nerve fibre; (d) thin nerve fibre; (e) varix; (f) neurofibrils. Bielschow-

sky-Gros—€auna’s method. Microscopic magnificaton 800 X, reduced photo-
graphically to %

coming directly from the cardiac plexus. From the trunks exit here and there
bundles which crisscross in the outer adventitia. These bundles, and the smaller
bundles exiting from them in large masses, constitute a plexus containing a differ-
ent fibre system which becomes looser at the inner border of the adventitia to
form even looser and more extensive plexuses in which the pressoreceptor-type

darkly impregnating thick fibres are well distinguishable from the paler, smooth,
thin fibres (Fig. 207).

From the plexus at the inner border of the adventitia exit masses of fibre systems
whose single fibres run parallel in the connective tissue, becoming denser and
denser inwardly. From these loose plexuses exit here and there very delicate fibres
which, crisscrossing each other, forni a very dense plexus whose like was not
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Fig.207. Bostaurus. Arteria coronaria cordis sinistra; nerve fibre plexus in the

adventitia, (a) Connective tissue; (b) nucleus of connective tissue cell; (c)

thick nevre fibre; (d) thin nerve fibre; (e) nerve fibre plexus. Bielschowsky—

Gros-Cauna’s method. Microscopic magnification 800X, reduced photo-
graphically to %

seen in any other artery. In these plexuses the mass of overstriding delicate
fibres presents a nerve picture which at first sight may be considered a reticulum
by the superficial observer. Again, this is an illusion. In every case, thorough ex-
amination under high magnification has revealed that this is a plexus and not a
reticulum. It should be noted, however, that these plexuses should be considered
true end plexuses whose single end fibres, disappearing between the connective
tissue elements, are receptors of the adventitia. This extremely delicate plexus
is in some places so dense that its survey was impossible even at the highest mag-
nification.
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Fig. 208. Sus scrofa domestica. Arteria coronaria cordis. Ramus circumflexus;

receptors in the adventitia, (a) Connective tissue; (b) nucleus of connective

tissue cell; (c) nerve fibre; (d) nerve ending. Bielschowsky—Abrahdam’s meth-
od. Microscopic magnification 600 X , reduced photographically to 34

In the adventitial plexus, constituted similarly to the arteries by an outer
coarser and an inner more delicate and loose plexus, fibres of different thickness
and appearance are present. The two types of fibres are apparent in the wall of each
coronary artery, but their dissimilarity is particularly conspicuous in the coronary
artery of the pig and calf. In the pig, the larger and smaller nerve trunks and
plexuses contain beside large masses of thin fibre bundles also smooth, readily
impregnable dense thick fibres in a relatively large number. In some places they
exit fromthe trunks, i.e. bundles in groups, andpass on in the inner adventitia, then
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occasionally diverge and end in well-visible dense, round knots in the connective
tissue or—less frequently —in the media (Fig. 208, Plate 1V/d, p. 244).

Thick fibres are fairly frequent in the connective tissue as well as in the smooth
muscle layer of the pig’s coronary arteries; endings are, however, scarce. The idea
that the reason for this should be sought in technical conditions is not wholly
improbable, nevertheless the endings’ scarcity may as well be explained by the
small number of thick fibres present.

Thick fibres appear in particular abundance and with special features in the
calf’s coronary vessels. Their descents are non-uniform, showing alternately thick
and thin portions. The broadened portions are as a rule fibrillar, the interportions
homogeneous. Particularly in the base, but also in other parts of the trunks, the
thick fibres are frequently seen to divide into two branches, each passing on with
another dividing bundle. In general, these fibres run a long path without branching,
as is well visible in tangential sections obtained from the adventitial area. In the
calf’s coronary artery, some of the thick fibres are occasionally as thick as those
seen elsewhere only in the aortic arch and carotid sinus. Occasionally, also the
forms of these thick fibres’ branchings and the connections of the branch system
with the connective tissue are clearly apparent (Fig. 209). As shown in the figure,
the conspicuously thick fibre is homogeneous, smooth and straight in descent.
After having covered a longer distance, it thickens slightly, then dividesinto three
branches which run parallel quite far. Later on they become gradually thinner
and after having given off their end branches, continue in a rich end plexus system
whose single end fibres form a plexus hardly discernible microscopically, then
disappear between the connective tissue elements without forming any end struc-
tures.

It seems to be certain that the thick fibres most clearly apparent in the calf’s
coronary artery and also those seen in the pig’s coronary artery, are receptors
of the arteria coronaria cordis constituting the receptive end system of reflexes
generated in this vessel. Beside these reflexogenic fibre systems, in the loose outer
adventitia there are also bundles and plexuses formed by thin fibres passing be-
tween the connective tissue cells with large nuclei. These fibres, together with a
part of the delicate plexuses located in the inner adventitia, belong to the end
organ system of presso- and algoreceptors.

Nerve supply is much poorer in the tunica media than in the adventitia, though
the media of coronary vessels is relatively thick and apparently poor in elastic
elements. Nerve plexuses become richer at the junction of the media with the
adventitia. Actually, nerve impulses go from the outer to the more extensive inner
part of the muscle layer. Naturally, this must not be interpreted as if the tunica
media were nerve-free. Here, too, are seen some smaller bundles, thinner fibres and
more sparse plexuses. In the outer part there are also very delicate plexuses,
appearing occasionally in an unbelievable abundance, giving the impression that
Stohr’s concept of the supply of each smooth muscle cell by a separate nerve
fibril is true.

Beside the nerve end systems controlling the movements of the vessel wall, the
media contains also sensory apparatuses. Pictures have been occasionally encount-
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Fig.209. Bostaurus. Arteria coronaria cordis sinistra;nerve fibre plexus in the
adventitia, (a) Connective tissue; (b) nucleus of connective tissue cell; (c)
smooth muscle cell; (d) nucleus of the smooth muscle cell; (e) nerve bundle;
(f) thick nerve fibre; (g)thin nerve fibre. Bielschowsky—Gros—€auna’s method.
Microscopic magnification 600 X, reduced photographically to %

ered, showing the passage of deep black impregnated and richly branching fibres
in the tunica media. Their terminal branches ended in end rings. These end rings
remind one of those seen in the end systems ofpressoreceptors. In our opinion they
are sensory end organs belonging to the vagal sensory fibre system which here,

too, plays naturally a receptive role.

The third layer of the coronary arteries is the tunica intima. It is a thin connec-
tive tissue layer containing no nerve elements whatever, neither in animals, nor
m man.
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In the walls of the coronary arteries ganglia are also present, though in a small
number (calf, pig).Beside the ganglia single or perhaps more nerve cells have been
fairly frequently seen either inside, or adjacent to, the larger nerve trunks of the
coronary arteries of the calf and pig. In every case, the ganglia are present in, or
along, the larger nerve trunks. They are as a rule elongate formations whose
structure is suggestive of a sympathetic origin. Most of the cells are multipolar and
belong to the group Dogiel type 1

The vessels in the coronary arteries” walls (vasa vasorum) are richly supplied
with nerves. Along the larger arteries and veins pass strong nerve bundles, accom-
panying these vessels along their entire descents. From these trunks, i.e. bundles,
exit here and there smaller rami which innervate the veins and capillaries. The
connections of nerve fibres and vasa vasorum correspond to the general scheme of
vascular nerve connections. Pictures showing larger capillary, i.e. precapillary,
plexuses are more typical. They are surrounded by such a rich system of nerve
fibres and among them delicate plexuses, whose like is hardly found in other
vessel groups of a similarly small calibre. The capillary vessels are accompanied by
thin single nerve fibres which here and there approach the vessel wall quite closely,
sometimes contacting it, sometimes diverging never to return.

Sinus Coronarius Cordis

The wall of the coronary sinus consists of endothelium, connective tissue and
muscle tissue. The endothelial cells are flat, as in the heart’s cavities in general.
The connective tissue layer is thick, constituted mainly by connective tissue bun-
dles, the muscle tissue is built up by striated muscle fibres which are attached to the
myocardial elements directly without transition. Both in the connective tissue and
among the muscle bundles, very much fat is present particularly in man. The
coronary sinus’ wall, whose innervation was examined by us on specimens from
calf and man, is relatively poorly supplied with nerves. As in the larger veins
(vena cava superior, vena cava inferior), so here, only nerve trunks and bundles
are seen which pass parallel to the vessel’s longitudinal axis after having conjugat-
ed with each other here and there. Delicate plexuses are absent. Fibres passing in
the trunks, bundles, and nerve branches are thin, smooth and undulating, their
appearance being suggestive of a sympathetic origin (Fig. 210).

Both in man and animals, the wall of the coronary sinus is characterized by the
presence of ganglia and nerve cells, occurring in large numbers in the connective
tissue along, or apart from, the nerve trunks. In man, single nerve cells are seen
even in the muscle; in the majority of the cases these nerve cells exhibit quite
remarkable forms.

As to the ganglia and nerve cells the following may be said. In the calf’s coronary
sinus, ganglia are quite numerous. In general they are large, readily impregnable
and display a typical sympathetic character. The cells are large and mostly multi-
polar. Among the cell forms, two well-defined types may be distinguished. One of
them is markedly elongate on one pole, while broadened and rounded on the other.
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Fig. 210. Bos taurus. Nerve fibre plexus in the wall of sinus coronarius cordis,
(a) Connective tissue; (b) nucleus of connective tissue cell; (c) capillary; (d)
nerve trunk; (e) nerve bundle; (f) nerve cell; (g) nucleus of nerve cell; (h)
ganglion; (i) nerve plexus. Bielschowsky—Gros-Cauna’s method. Microscopic
magnification 320 X, reduced photographically to %

In every case, the processes extend on a broad base from the elongate side. One
process, in a central position, is relatively thick and passes very far from the cell
body becoming gradually thinner as if it were a neurite The rest of the processes
arise on a broad base, narrow gradually and end near the cell. The other cell form
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Fig. 211. Bos taurus. Ganglion in the wall of the sinus coronarius cordis, (a)
Connective tissue; (b) nucleus of connective tissue cell; (c) nerve cell; (d)
nucleus of nerve cell; (e) process of nerve cell; (f) fenestral cell; (g) fenestra
(window); (h) nerve fibre plexus; (i) neurofibrils. Bielschowsky-Gros-Cauna’s
method. Microscopic magnification 400 X, reduced photographically to %

has a roughly polyedral body, its processes are uniformly distributed over its
surface, arise on a broad base, soon become thinner and end in a tapering manner
near the cell. Naturally, also the cells belonging to the second type have in every
case a single process extending far from the cell and playing the role of a neurite.

In the wall of the calf’s coronary sinus, so-called fenestral cells are present fairly
frequently (Fig. 211). In general they are much large than the others, carry
numerous processes which arise on a broad base and which narrow quickly. The
window-like lattices arise by the confluence of pairs of processes not far from the
cell’s body. One of the cells’ processes, which may well be considered a neurite
owing to its connections, is longer than the rest and passing further enters a nerve
trunk.
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Fig.212. Homo. Special nerve cell in the wall of the sinus coronarius cordis,

(a) Striated muscle fibre; (b) nucleus of striated muscle fibre; (c) nerve cell;

(d) dendritic plate; (e) process; (f) nucleus of satellite cell; (g) neurofibrils.

Bielschowsky—Gros-Cauna’s method. Microscopic magnification 800X,
reduced photographically to 12
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In the intraganglial plexus the preganglionic fibres are clearly distinguishable
from the other paler fibres by their deep black colour assumed upon impregnation.
The preganglionic fibres run a winding path between the cells, then divide into
delicate varicose end rami which form pericellular plexuses on the cells, thus giving
rise to synapses. Postganglionic fibres are thin, arranged in a hair-tress-like pattern,
and exit from the ganglia in the form of thick bundles.

The ganglia present in the wall of the human coronary sinus are relatively small,
consisting mostly of two to three cells. They occur repeatedly along the descent of
one and the same nerve trunk. Most cells are multipolar but exceptionally also
bipolar and unipolar forms have been encountered. Among the cells peculiar forms
are very frequent; in ganglia of aged persons hardly any cells were seen to show the
typical features of the neuron in an unaltered form. In general, their dendrites are
short, lamella-like and rounded at their ends. Others are thinner and, melting
together at a notable distance from the cell, they give rise to a cell form resembling
the fenestral cells (Fig. 212). The supposition seems to be justified that the partic-
ular cell forms encountered in large masses in man are senile pathological forms.

Vena Cordis Magna

Based on our examinations in pig, calf and man, the nerve connections of the
vena cordis magna may be described as follows. In the perivascular tissue, being
in the overwhelming majority of cases extraordinarily rich in blood vessels, con-
spicuously thick nerve trunks are passing embedded in fat tissue. The number of
nerve trunks seen along the vena cordis magna was the largest in man, next in the
pig and finally in the calf. The perivascular plexuses contained ganglia exclusively
in the pig. These ganglia are conspicuously large and numerous, one, or sometimes
two, of them being apparent in each section. Their structure is indicative of their
sympathetic origin. Cells constituting the plexuses are in most cases multipolar
and always display a remarkable argentophilia. Particular and irregular forms are
frequent, e.g. in the heart of the pig (Fig. 213).

From the perivascular plexus large nerve bundles and branches go to the outer
adventitia where they conjungate closely with each other by mutual exchange of
fibres. The nerve bundles frequently cross each other, become on such occasions
looser and by exchange of fibres they form extensive plexuses. Most of the nerve
fibres passing in the nerve bundles and trunks are smooth and undulating. Undu-
lation is especially marked at the crossings.

Among the nerve fibres passing in the outer adventitia, many thick fibres have
been encountered, showing occasionally quite pronounced argentophilia, particularly
inthe pig. The numbers ofthick fibres, as well as their relations with the thin ones,
are variable. They were found in largest numbers in the pig. Sometimes the thick
fibres exit from the bundles, run a winding path and occasionally may be followed
over a longer distance. Their appearance, structure and remarkable argentophilia
are suggestive of their vagal sensory nature, although they have no myelin sheath.
This has been evidenced by the extraordinarily interesting and rich, yet readily
surveyable, nerve end apparatus detected by us in the wall of the human vena
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Fig.213. Sus scrofa domestica. Vena cordis magna; ganglion in the adventitia,
(a) Connective tissue; (b) connective tissue bundle; (c) nucleus of connective
tissue cell; (d) nerve cell; (e) nerve fibre; (f) nerve trunk; (g) nerve bundle;
(h) fat cell; (i) nucleus of fat cell. Bielschowsky—Gros-Cauna’s method.
Microscopic magnification 300 X -reduced photographically to *2

cordis magna and which according to its position, structure and shape seems to be
a novelty in neurohistology (Fig. 214). The thick fibre passing in a larger nerve
bundle exits therefrom and immediately gives off several lateral branches which
ramify repeatedly near the main fibre, then end in round or elliptic end plates, the
latter showing clearly visible neurofibrils. The other smaller part of the branches
goes far from the site of branching, then after several smaller or larger windings
becomes quite narrow and continues in large elliptic end plates. In the latter,
which seem to end intracellularly, reaching even the nuclear membrane, neuro-
fibrils are apparent. This end organ, whose like has not yet been detected in any
artery or vein, does not resemble any of the nerve end formations known up to
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Fig.214. Homo. Vena coronaria cordis magna; sensory nerve end organ system

in the adventitia, (a) Connective tissue fibre; (b) nucleus of connective tissue

cell; (c) myelin sheath; (d) axon; (e) main branch; (f) side branch; (g) varix;

(h) neurofibrils; (i) end plate; (j) intermediary plate. Bielschowsky-Gros-

Cauna’s method. Microscopic magnification 1350X, reduced photographically
to y2

now. Although essentially it is a rich dendritic end system, it does not resemble the
pressoreceptors. Its complicated structure and bulk are suggestive of its special
receptor nature serving for the perception of impulses conducted to the wall of
the vena cordis magna (Fig. 216).

In the well-developed muscle layer of the vena cordis magna, the interlamellar
plexus is also detectable. As compared to the outer plexus, this one consists of
thinner nerve bundles and branches forming a looser and poorer plexus consti-
tuted mainly by sympathetic fibres. The bulk of sympathetic fibres is found in the
inner part of the plexus. From this part, thin fibre bundles or, occasionally,
single fibres go to the media’s muscle layer where they conjugate with each other to
form plexuses. The single fibres exiting from the plexuses become gradually
thinner, then disappear on the surface of smooth muscle cells without forming
any kind of terminal structure. In the intima no nerve fibres are present.
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Fig.215. Homo. Vena coronaria cordis magna; sensory nerve end fibre system

in the adventitia, (a) Nerve fibre; (b) varix; (c) neurofibril; (d) nerve ending.

Bielschowsky-Gros-Cauna’s method. Microscopic magnification 1350X,
reduced photographically to y2
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liitracardial Vessels

The heart wall is very richly supplied with vessels, particularly in mammals.
Both the cardiac arteries and veins are accompanied by thick nerve trunks whose

fibres seem to be of sympathetic origin as judged by their appearance. In the wall
of arteries there are numerous nerve bundles of varying sizes, consisting mainly of
thin, smooth, undulating fibres. Beside them, in the bundles passing along, or
inside, the vessel walls, there are thick fibres branching off here and there, thus
giving the general impression that they would belong to the cerebrospinal nerve
system and perform a sensory function.

Nerve fibres passing in the walls of the arteries form a triple network also in the
heart, like in other organs of vertebrates. The outermost plexus is localized in the
peripheral part, the middle one near the inner surface of the adventitia, while
the inner one provides for the nerve supply of the media’s smooth muscle elements.
The two outer layers show no special features whatever. The grouping, arrange-
ment and relation to the host tissue of the fibres are essentially the same as those
observed in other similar formations. The innervation of the media is, however,
dissimilar, being unusually abundant in nerves. In the media the network system
issorichthat its like is hardly seen in the extracardial vessels. From the smaller and
larger nerve bundles forming the plexuses exit rami which, by conjugation with
each other, form secondary plexuses. From these exit single fibres forming deli-
cate end plexuses whose single fibre elements are closely connected with the muscu-
lar elements of the media. The interpretation of this connection is very difficult,
but the absence of a terminal reticulum may be definitely stated. The innervation
of veins resembles that of the arteries, except that the veins’ walls are—in accord-
ance with their structure—poorer in nerve fibres (Fig. 111).

Along the capillaries single nerve fibres pass, accompanying them over a long
distance in an undulating manner. Beside the accompanying fibres some others
are seen to run on the vessel wall and attach to the capillary elements of the
adventitia.

INNERVATION OF RENAL VESSELS

j$i Both renal arteries and veins are richly supplied with nerves. The innervation
of the vessel walls corresponds to the usual picture of vascular innervation. A
notable difference is constituted only by the fact that in the renal vessels, namely
in the arteries, the nerve supply of the vessel wall is richer than elsewhere in the
organism. This abundance is particularly conspicuous in frogs and lizards, where
in the arterial walls as well as outside them, nerve fibres are present in such
large numbers as comparable only to the aortic arch of certain mammals (cat,
dog, fox). As a matter of fact, the nerve supply is richest within or along
the walls of the vessel trunks, as clearly seen when surveying the renal vessels
from the pelvis up to the vasa afferentia. A description of the innervation of
renal arteries, veins and capillary vessels in all vertebrates higher than fishes
is presented below.
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Fig. 216. Homo. Arteria renalis; nerve end organ in the adventitia, (a) Con-
nective tissue; (b) connective tissue capsule; (c) nerve fibre; (d) nerve fibre

coil. Bielschowsky—Gros’ method. Microscopic magnification 600 X, reduced
photographically to y2

Renal Arteries

The general nerve picture seen in the wall of the arteria renalis and in its macro-
scopically visible branches corresponds essentially to that found in the walls of
vessels in other localizations. Here, too, three networks (plexuses) may be distin-
guished, located without sharp demarcation in the outer and inner adventitia
near the media and in the media itself.

The outer plexus is as a rule not dense, being rather loose in structure in the
majority of the cases. It is constituted by two kinds of fibres, some of them being
thick, the majority thin and vegetative in appearance. The thick fibres often
branch in a dichotomic manner and the delicate thin fibres thus arisen disappear
between the connective tissue fibres. The endings, although invisible, are obviously
of sensory function and as such may well be considered the general receptors of the
vessel wall. Beside them there are also special free or encased loose coils which
arise from the terminal branching of thick varicose fibres; no similar structures
have been detected in the wall of any other artery. | described such formations
(1943) from the wall of the human renal artery, and designated them pressorecep-
tors as judged by their structure (Fig. 216).

Similar nerve end-formations were reported by Jansky in the renal artery of the
albino rat. They are specialized nerve end organs whose like are also found else-
where in the blood vessel system, but they have been infrequently encountered in
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the renal artery. As judged by their structures, they should be some kind of pres-
soreceptors which, as the receptors of vascular reflex paths, should play a role in
the generation of special vascular reflexes and particularly in the control of
blood pressure.

The inner adventitial plexus is constituted mainly by thin and smooth fibres of
sympathetic character, part of them passing in the walls of the vasa vasorum, part
grouping at the border of the media to form the inner adventitial plexus. From
the latter exit the fibres forming the medial plexuses.

The medial plexus is a loose network constituted by thin varicose fibres which
often cross each other and conjugate with the smooth muscle cells (Fig. 217). In
every case, the individual fibres remain independent throughout. In fact, neither
the preterminal nor the terminal thin fibres do anastomose, and only infrequently
is there evidence of the forms of their connections. This is explicable partly by
the fact that for known reasons the examinations are not performed on serial
sections and partly by the uncertainty involved in the identification of the often
encountered end spheres or bulbs, as one never knows whether they are true end-
ings or varices or knots of some other nature which may have lost connection with
the central part of the nerve fibre in consequence of cutting. It may be stated,
nevertheless, that the end connection between the nervous system and smooth
muscle cells is provided by an extremely delicate and loose plexus system whose
end fibres attach epilemmally to the smooth muscle cells, but the possibility of a
hypolemmal junction cannot be excluded either.

The innervation of the larger arteries (interlobar and arciform arteries) arising
by the branching of the renal artery corresponds to that of the renal artery, except
that the latter contains a larger number of nerve fibres in their walls being sup-
plied with fibres also from the plexuses running along them. The number of fibres
is lower in the interlobular artery, namely in the portions near the surface of the
renal cortex. In the wall of the blood vessels the nerve fibres form plexuses charac-
teristic of the artery wall described above. These plexuses differ in size and form
in the different sections of blood vessels. In this context we should like to point
out that in the course of the blood vessel’s branching, also the nerve fibres supply-
ing the main vessel give off branches to provide for the nerve supply of the newly
formed vessel rami. The smaller or larger bundles sent by the main fibre mix with
the individual plexus forms and pass on in the wall of the blood vessel. Occasionally
nerve fibres entering the adventitia diverge from each other, then meet again and
leave the blood vessel after having covered a certain distance. In the adventitia no
special branchings and sensory endings are apparent although it may be reasonably
assumed that the fibres constituting the outer adventitial plexus are mainly
sensory in nature, serving for the perception of vessel wall motions and blood
pressure. In the wall of the intrarenal arteries no specialized nerve endings are
present.

The innervation of the media is also relatively rich, the loose plexuses yield well
to impregnation but with the end connections the same difficulties have been
encountered as in the renal artery. However excellent the section and successful
the impregnation was, one can never be sure whether the peculiar formations appar-
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Fig. 217. Varanus griseus. Cross section of kidney, blood vessel innervation,

(a) Artery; (b) adventitia; (c) media; (d) nerve bundle; (e) thin fibre; (f)

thick fibre; (g) wandering cells; (h) connective tissue; (i) renal tubule. Biel-

schowsky—Abraham’ method. Microscopic magnification 300 X, reduced
photographically to »
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ent in the finished preparation are actually endings or cut pieces of nerve fibres.
This offers an explanation for the inconsistent theories advanced in the literature in
this respect. Smirnow, who reported that nerve fibres “freie motorische Endigungen

aufdenglatten Muskelzellen der Mediabilden”*.found also sensory nerveend struc-
tures “in den Bindegewebsbiindeln der Adventitiaund der Media”**, which appear
“in Form von Quastchen und Bischeln aus varikésen Nervenfaden”***, Smirnow
described the latter from the adventitia and media of the renal artery and vein,
and also from the branches of the renal artery supplying the region of the renal
sinus. In addition, he saw nerve end organs of sensory nature in the adventitia of

the arcus arteriosus (arteria arciformis) and arteria interlobularis, close to the site

where the latter is leaving the arteria arciformis. He claimed to have found them
also in the adventitia of the larger arteries passing in the renal capsule. The data
presented by Smirnow on sensory endings could not be confirmed by later in-
vestigators (Knoche, Mitchell, de Muylder, Dolezel, Abraham).

Inconsistent opinions have been formed concerning the endings of nerve fibres
supplying the media. Knoche denied the presence of nerve endings in the smooth
muscle tissue and claimed the presence of a terminal reticulum here also. Accord-
ing to de Muylder, “fan-like, knob-like, club- or ring-like terminal enlargements”
are apparent on the muscle cells. Dolezel has treated the problem very cautiously,
but his description, and particularly its illustrations, seem to support the existence
of free endings. My opinion is that as the end fibres do not anastomose, no terminal
reticulum is present here either. Although it is rather difficult to make visible the
endings and to interpret adequately the nerve pictures, | assert that the only
possible form of end connection is either that the delicate end fibres terminate in
end bulbs or knobs, or they disappear in the muscle cells without showing any
terminal structure. It ought to be emphasized in this context that in the media of
the renal arteries nerve fibre formations definitely looking like terminals, have
been encountered in fairly large numbers (Plate I1/d, p. 63).

Nerve fibres are present in a remarkably lower number around, and also in, the
interlobular arteries. This applies still more to the vasa afferentia which, never-
theless, are also accompanied by nerve fibres. Further fibres located in the vessel
wall itself are present, too. The fibres’ number is, however, low in both areas, being
sometimes only a single one present in either of them, as observed by several in-
vestigators. Naturally this is not actually true, as conditions in the arterial wall are
the same as described above. All that may be reasonably supposed is that these
arteries, being either terminal or preterminal ones, are poorer in nerves than the
others. Concerning the vasa afferentia it should also be noted that only shorter
portions of their nerve fibres yield to impregnation and even these only seldom.
Certain nerve pictures indicate that the thick fibres also accompany the vasa
afferentia, in a narrowed calibre, though. Circumstances are about the same with
the vasa efferentia, whose nerve fibres appear singly and still less often. Infrequent-

* “form free motor endings on the smooth muscle cells of the media”
** “in the connective tissue bundles of the adventitia and media”
***k “as rami and bushes constituted by varicose nerve fibres”
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Fig. 218. Epimys rattus norvegicus. Kidney, cortical substance, (a) Arteria

interlobularis; (b) vas afferens; (c) vas efferens; (d) glomerulus; (e) Bowman’s

capsule; (f) thick nerve fibre; (g) nerve plexus; (h) thin nerve fibre. Biel-

schowsky’s method. Microscopic magnification 160X, reduced photogra-
phically to Y2

ly some nerve fibres were seen to start from the end of the vas afferens, pass along
the Bowman’s capsule and continue on the vas efferens (Fig. 218).

In the discussion of the arterial layers we should also like to include the intima,
usually omitted from the descriptions of the vessel’s nerve connections. Presently
we treat it because Smirnov described from the renal artery of the cat, dog and
squirrel (Eutamias asiaticus) a nerve plexus in the intima which “unter dem
Endothel selbst liegt”.* According to Smirnow, from that plexus exit fibres, some
of which “in Form kleinerer Kngpfe dem Anscheine nach auf dem Niveau der
Endothelzellen endigten”**. Other neurohistologists deny the presence of nerve

* “is located beneath the endothelium itself”.
** “ended in the form of small knobs apparently on a level with the endothelial cells”.
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fibres in the intima. One of them, Mitchell (1961), commented as follows: “Definite
nerve filaments or endings were not found in the intima of the renal vessel.”
Formy part, | have found the intima nerve-free, here as well as in other Cases.
The same was asserted by de Muylder, stating that “Not a single fibre was ever

seen coming in close contact with the intima”.

The Juxtaglomerular Apparatus

As a result of certain histological studies during the recent decades, cell groups
have been discovered in the neighbourhood of Malpighian bodies. It seemed that
these cells may presumably play an important role in the control of blood flow
through the renal glomeruli. In the literature they were named as “Polkissen”
(Zimmermann, 1939), Macula densa, paravascular (paraportal) cells (Becher,
1936) and footlet-plasmodium or Goormaghtighian cell groups (Goormaghtigh,
1932). The description of the structure and position of these formations is beyond
the scope ofthis book, yet | have to treat them shortly as certain workers expressed
tho opinion that these cell groups—singly or in association—had regulatory influ-
ence on the blood flow through the polar vessels and glomeruli. This would be
preconditioned by assuming that their regulatory action is under nervous control
which would infer their connection with the nervous system. According to Knoche
(1950, 1951) and Goméri and Oltvanyi (1951), such nerve connections do actually
exist. Knoche described on the “Polkissen”, paravascular cell groups, Macula
densa and Goormaghtighian footlet-plasmodium fine unmedullated nerve fibres
whose delicate rami conjugated with the cell groups in question by a “terminal
reticulum” as put in Knoche’s terminology. Géméri and Oltvanyi stated that
from the nerve plexus passing along the vas efferens, fibres are going to the Goor-
maghtighian epitheloid cell groups, ending apparently on these cells or forming
at least windings on their surfaces. In my opinion these statements are essentially
right inasmuch as from the fibres passing along, or inside the wall of, the vas effer-
ens, fine rami are actually going to the epitheloid cells forming the *“Polkissen”
in the afferent polar portion of the artery. Naturally, the same may be true also
for the paravascular cell groups which were claimed by Becher (1936) to have no
nerve connections. The passage of terminal rami from thicker or thinner nerve
fibres to the cell groups located in the angle between vas afferens and efferens,
considered by Goormaghtigh to be related with the Meissner body in their totality,
seems to be quite feasible also to me. Nevertheless, the presence of an extensive
terminal network seen by Knoche in the region of the Goormaghtighian cell group
and called by him “afferent terminal reticulum” seems to be unacceptable. In my
opinion the very fibres constituting the “afferent terminal reticulum” of Knoche
are not nerve fibres at all. 1 venture to assert this because | saw such fibres also
in the kidneys of the dog and later on | became convinced that they are argen-
tophilic fibres appearing in large masses among the cells with relatively large
nuclei. Thus, although we do not doubt that there is not, nor can be, any kind of
connection between the juxtaglomerular cells and finer or less fine, unmedullated
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sensory or not sensory nerve fibres, we feel bound to assert that even by very
thorough, survey of our preparations we failed to detect in the cell groups in ques-
tion nerve connections that singly or together could have been defined as recep-
tive, reflexogenic organs. Anyway, in this context we should like to note that in the
lack of proper knowledge of sensory innervation we consider also the receptive
role of epitheloid cells in the “Polkissen” unfounded. If there is in the polar artery
entering the glomerulus any regulatory apparatus including the rate of blood flow
through changes of the lumen, then in our opinion it should be located in the wall of
the artery rather than scattered around the glomeruli. As a matter of fact, that
kind of regulatory apparatus may be present despite its not being demonstrable
structurally. The vas afferens, too, has amediaand an adventitia, both of which are
necessarily under nervous control. Since this influence cannot be other than sen-
sory in the adventitia, whilst sensory or motor alike in the media, it is quite natural
that the lumen constricting reflex action involves also the preglomerular portion
of the arterial system, presumably even earlier than elsewhere in the intrarenal
arteries. The circumstance that specific nerve endings are absent does not exclude
the presence of sensory fibres in this region, especially as numerous investigators
have stated that myelinated fibres accompany the vessels up to the vas afferens.

Hence like everywhere in the blood vessels, the regulation may originate also here
from the vessel wall.

Renal Veins

The innervation of renal veins corresponds to that of the arteries except that the
former contain much less nerve fibres owing to the thinness and poor muscle
supply of their walls. Using vital staining with methylene blue, Smirnow described
from the adventitia of renal veins in fishes and amphibia hush-like sensory nerve
end systems in fairly large numbers. Smirnow reported “blschelférmige sensible
Nervenendigungen”*also in the interlobular vein of dogs and cats. According to
Knoche, in the adventitia of veins there is “ein dichtes mit Schwannschen Zellen
ausgestattetes Geflecht markloser Nervenfaser,”**whose fibres *“von der die Mus-
kelzellen einer VVene versorgenden Faser nicht zutrennen sind”.*** Knoche asserted
the presence between the muscle cells of a terminal nerve net (reticulum), bearing
aresemblance to reticula found on the wall of the urinary tubules. De Muylder
(1952) described *“subendothelial” nerve endings in the renal veins of mice and
human fetuses. He distinguished three types among these endings which he failed
to detect in adult animals. He considered them sensory nerve end apparatuses
which, being the sensory end organs of certain vascular reflexes, control the rate
of blood flow in given areas. For my part, | consistently failed to detect sensory
nerve endings in the renal veins of adult vertebrates. The illustrations published by
de Muylder in his book The Neurility of the Kidney (Fig. 21) are in my opinion
not nerve pictures.

* “bush-shaped sensory nerve endings”1
** “3 dense plexus of unmedullated nerve fibres containing Schwann’s nuclei”.
**% “cannot be separated from those of a main fibre supplying a vein”.
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Renal Capillaries

The nerve connections of the capillary vessels present a not less intricate prob-
lem in the kidney than elsewhere. According to Smirnow, "Die Blutkapillaren
sowohl der Rinder Substanz und der Nierenkapsel wie auch namentlich die Capilla-
ren der Marksubstanz werden auf ihrer ganzen Ausdehnung von marklosen Nerven-
faserchen umflochten” .* Smirnow stated that this was particularly conspicuous in
the medullary substance where the capillaries arranged regularly over long tracks
along the tubules going to the tops of the papillae. This statement of Smirnow has
been essentially right except that no plexuses are present around the capillary
vessels. As a rule, along the capillaries pass single fibres being unmedullated, de-
scending in an undulating manner and touching the capillaries here and there.
Around the capillaries, Mitchell found no “fine nerve plexuses, corresponding to
those described by some writers”. Knoche established that the interconnection
between the capillaries’ walls and nervous systems isbrought about by a “nervises
Terminalreticulum” . **

INNERVATION OF CEREBRAL VESSELS

The investigation of the nerve connections of the cerebral vessels was started by
the morphologists relatively late, although several physiologists had proved the
intracerebral blood pressure to be affected by the sympathetic nervous system.
Bréchet (1830) was the first to observe cerebral hyperaemia after cutting the jugular
sympathetic nerve. Evidence that unilateral section of the sympathetic nerve
results in temperature elevation in the respective cerebral hemisphere, was pre-
sented by Claude Bernard (1859). Jensen (1904)proved that the jugular sympathi-
cus is the vasoconstrictor nerve of the corresponding hemisphere. Based on various
experimental observations, Weber (1908), Kurusu (1928) and later on several
other workers (Farbes, Wolfand Gobb) established that from the jugular sym-
pathicus vasomotor fibres go to the brain. On the other hand, certain investigators
(Knoll, Roy, Sherrington, Bayliss and Hill) have denied the presence of a vasomo-
tor mechanism in cerebral vessels.

In the study of cerebral vascular innervation, morphologists had for a long time
lagged far behind the physiologists. Koelliker (1863) was the first who saw a small
nerve fibre in the pia mater. Next Morrison presented a short report on the pres-
ence of nerve fibres in the cerebral arteries’ walls. The feasibility of Morrison’s find-
ings was confirmed by contemporary examinations by Gulland, Obersteiner and
Huber.

The studies by Rohnstein (1900) had temporarily retarded the research of this
complex problem.Based onthe examination of various animals by different methods

* “The capillary vesselsof the renal cortex and capsule alike and particularly the capil-
laries of the medullary substance, are intertwined with unmedullated nerve fibres over
their entire descents”.

** “nervous terminal reticulum?”.
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he concluded that “Die in der Pia oder zwischen Pia und Hirnsubstanz liegenden
Gefésse, selbst die grésseren unter ihnen, sind alle frei von Nerven” .* Later on he
even offered the general statement that “Verf. aber konnte nicht das Vorkommen
eigener Nerven an den Blutgeféssen der grossen Nervencentren constatieren” **

The statements by Bohnstein had soon proved incorrect. This was natural as
they were lacking all kinds of physiological, morphological and theoretical support.
It required a special school of thought to assume that, in the end branches of the
internal carotid artery and vertebral artery, nerve connections cease immediately
after their entrance in the cerebral region. Thus it was natural that several con-
temporaries of Bohnstein started to examine the meninges and the cerebral
substance itself for the nerve connections of their vessel supply. One of these
contemporaries was Hunter (1900), who succeeded in demonstrating the presence of
nerve fibres along the cerebral vessels of the grey matter by vital methylene blue
staining. He also found nerve plexuses in the vessels traversing the pia mater, but
failed to demonstrate their presence in those supplying the cerebral white matter.
According to Hunter, vessels lose their nerve supply at their entrance in the
white matter. Otherwise he was right in stating that in the wall of the cerebral
vessels the nerve fibres form plexuses, exhibit neurofibrillar structure and divide
into delicate rami. Hunter failed to clarify whether the nerve fibres passing along
the cerebral vessels were medullated or unmedullated. Lapinsky (1915) was con-
fronted with much the same problem. By the methylene blue staining technique,
he demonstrated the presence of nerve fibres in the meninges, chorioid plexus, in
the vessels supplying the cerebral cortex and the substance (matter) ofthe centrum
Vieusseni, but failed to identify their origin. Studying the nerve supply of the pia
mater, Stohr (1928) noted that the vessels supplying the pia mater are abundantly
provided both with motoric and sensory nerve endings, but he, too, found the
cerebral vessels nerve-free. The findings of Berger (1928) correspond to those of
Stohr. Hassin (1929) agreed with the statements of Stohr and Berger, adding that
no nerve fibres are present on the pia mater’s capillary vessels either. Based on
examinations of the medulla oblongata and spinal cord, Clark (1929) described
nerve fibres from the wall of the blood vessels noting that these were obviously
continuities of the nerve fibres passing in the walls of vessels supplying the pia
mater. In his opinion, these fibres were postganglionic axons originating in the
cells of the jugular sympathetic ganglia.

Examining cats, guinea-pigs and albino mice, Grigorjeva (1932) found that on
the cerebral vessels, including capillaries, thin unmedullated nerve fibres are
passing: “Die Fasern begleiten das Gefass auf einer langen Strecke, verlassen
nirgends seine Wand und bilden feine Geflechte”.** On the capillaries she often
detected bulb-like nerve endings. She noted that nerve fibres passing on, and

*“vessels localized in the pia or between the pia and cerebral substance, even the largest
ones, are all free of nerves”.

**“The author, however, failed to detectthe presence of specific nerves on the blood
vessels supplying the large nerve centres”.

***“The fibres accompany the vessel over a long track, do not diverge from its wall
anywhere and form delicate plexuses”.
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inside, the vessel walls “gehdren ihrer morphologischen Struktur nach zu den
sympathischen Nerven. Sie sind die Fortsetzung der Nerven aus den Geféssge-
flechten der Hirnbasis und der weichen Hirnhdute.”*

Studying the diencephalon, Hagen (1955) found that in the adventitia of cerebral
arteries passed nerve bundles constituted by delicate unmedullated fibres. In the
muscle layer of the arteries he saw numerous nerve fibres of the calibre of a neuro-
fibril which, in his opinion, ended in a terminal reticulum. Beside them he saw, also
in the arterial wall, nerve elements penetrating the endothelium.

Hagen laid particular stress on the above statements by noting that: “Immerhin
weisen die vorliegenden morphologischen Resultate darauf hin, dass neben der
efferenten und afferenten Regulation der Gefihse innerhalb der Gehirnsubstanz
auch eine direkte nervose Faserbindung zwischen der Wand jener Geféasse und der
jeweiligen Gehirnregion besteht.”** The above survey shows that the innervation
of blood vessels supplying the central nervous system corresponds both in respect
of location and origin to that of blood vessels supplying the other regions of the
body. It is also obvious that in spite of the seeming uniformity, the nerve connec-
tions ofthe cerebral vessels exhibit certain particularities and minor differences,
deriving from their location, environment and particularly their function.

Studying the meninges and brain of the chicken, turkey, rat, cat and man, we,
too, have detected differences, particularities and previously unknown forms of
interconnections, particularly of the afferent fibres. They are described below with
references to the available literary data. The nerve connections of meningeal and
cerebral vessels are not discussed separately, but together from a uniform point of
view. Below we describe the arteries, veins and finally the capillaries.

Cerebral Arteries

The histological structure of cerebral arteries corresponds to that of arteries
supplying the other parts of the body, except that the former’s walls are in general
thinner, owing mainly to the thinness of the adventitia and intima. In comparison
with the other two layers, the media is thick. As to the innervation in general, it
should be noted that cerebral vessels, namely those passing on the brain’s surfaces,
are markedly rich in nerve fibres. An extraordinary abundance of nerves was
detected in vessels arising directly in the internal carotid artery as they carry the
bulk of nerve fibres sent by the jugular sympathetic nerve. Smaller arteries formed
by repeated branchings have a poorer nerve supply, yet are richer in nerves than
arteries of similar calibre in other parts of the body. Nerve connections are discussed
in the sequence of the vessel wall’s histological layers. First we describe the nerve
supply of the adventitia and secondly that of the media.

*“ ... belong morphologically to the sympathetic nerves. They are the continuities of
nerves from the vascular plexuses of the brain base and soft meninges.”

**“Anyway, the available morphological resultsindicate that beside the efferentand affer-
ent control of vessels in the brain matter there is alsoa directnerve fibre junction between
the wall of those vessels and the respective brain region.”



368 INNERVATION OF THE HEART AND BLOOD VESSELS

Fig. 219. Meleayris gallopavo. Arteria carotis cerebralis; nerve plexus in the

adventitia, (a) Connective tissue fibre; (b) nucleus of connective tissue cell;

(c) thick nerve fibre; (d) thin nerve fibre; (e) nerve fibre plexus; (f) varix.

Bielschowsky-Abrahdam’s method. Microscopic magnification 600 X ,reduced
photographically to %

The adventitia of the larger vessels (arteria basilaris, arteria cerebri media,
arteria cerebri anterior, arteria cerebri posterior) is extraordinarily rich in nerve
fibres. In man and animals alike, adequately impregnated preparations reveal such
a large mass of nerve fibres that the basal tissue is hardly visible. This applies
particularly to birds, namely to the bigger ones (chicken, turkey, goose, duck),
where a hardly surveyable plexus system is passing in the outer adventitia (Fig.
219). The majority of the fibres are thin, smooth and unmedullated but beside
them there are also some thick fibres, readily distinguishable from the sympathetic
ones by their alternating diameter, frequent varices and frequent branchings.
Although we have not yet detected their endings, their whole appearance, namely
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the dendritic branchings, suggest that they are the sensory organs of the blood
vessel reflex paths.

In birds, the arteria carotis cerebralis, corresponding to the arteria basalis, is
of particular interest because ganglia are repeatedly found in its wall. These ganglia
are readily impregnated, their cells are large and most of them multipolar. The
particularity of the ganglia, or the whole system, is that immediately along the
artery passes a well-developed nerve trunk, giving off to each individual ganglion
a relatively thick branch whose fibres end as preganglionic fibres around the
ganglial cells. Close to the entering nerve bundle a separate bundle exits from the
ganglion, which then associates with the nerve trunk. We attach great importance
to the ganglial system of innervation of cerebral vessels, viz. the presence of
ganglia ensures the adequate sympathetic nerve supply to the trunk, gradually
losing its fibres by giving off branches to the vessels (Fig. 122).

The outer adventitial plexus is still very rich in mammals, although it is some-
what poorer than in birds. Essentially it consists also in mammals of longitudinally
descending nerve fibre trunks and bundles, which pass in parallel fashion with the
vessels’ longitudinal axis in such a way that the individual bundles are repeatedly
linked by smaller branches. Most of the fibres passing in the trunks are smooth
sympathetic fibres, but here appear also some thick fibres which, judging from
their structure, belong to the cerebrospinal system.

The outer adventitial plexus of the vessels supplying the brain base is richest
in man. The brain’s bulk, its special function and the consequent thickness of the
vessels explain the extraordinary abundance of nerve fibres which is particularly
conspicuous in the region where the nerve trunk sent from the cervical sym-
pathetic enters the vessel wall after having passed alongside it. The majority of
the fibres are smooth and of sympathetic appearance but among them there are
also some thick fibres which form sensory end systems in the wall of small arteries,
arisen by branching. The outer adventitial plexus is easily visible both in the vessel
running in the brain and the meninges.

The innervation of arteries passing in the cerebral tissue was studied on speci-
mens taken from different parts of the brain (cerebrum, cerebellum) and im-
pregnated in toto together with their end rami. Since the latter were too small
for cutting, they were fixed in toto. Some of these preparations were successful,
showing a continuation of the plexus revealed in the main artery, being relatively
rich, namely in the vessels supplying the grey matter. Also, it was found that in
some places the nerve fibres form coherent plexuses in which the Schwann nuclei
and overstriding fibres—nearly as thin as neurofibrils—were clearly apparent
(Fig. 220).

The nerve fibres could be readily followed also in smaller arteries, up to the
macroscopically visible ramifications. In the precapillaries, the number of nerve
fibres was much less and all of them belonged to the sympathetic system. Thick
fibres and sensory nerve fibre formations were not seen on the precapillary arteries.

The interlamellar plexus lies directly on the media. In birds also this system is
very rich. Dichotomically branching thick fibres are seen also here, but the
majority of the fibres are thin sympathetic ones. From the plexus which lies, as
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Fig. 220. Homo. Small artery in the Fossa Sylvii; innervation, (a) Adventitia;

(b) connective tissue fibre; (c) nucleus of connective tissue cell; (d) nerve fibre

bundle; (e) nerve fibre; (f) nerve fibre plexus. Bielschowsky-Gros” method.
Microscopic magnification GOOX ,reduced photographically to %

mentioned above, directly on the media, thin fibres go into the media where they
form a very delicate plexus. The fibres constituting the plexus run parallel to the
smooth muscle cells’ longitudinal axis, to be attached closely to their surfaces,
then become gradually narrower and disappear without forming any typical end
structure. There is no terminal reticulum present.

In the plexus lying on the tunica media, some conspicuously thick repeatedly
branching fibres have been detected, especially in birds. The branches continue in
markedly divergent rami which may be followed over a long distance then end
on the smooth muscle cells by forming very small end knots (Fig. 221).

The nerve plexuses innervating the walls of the cerebral vessels are constituted
mainly by unmedullated fibres. No myelin sheaths either were seen on the thick
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Fig. 221. Gallus domesticus. Nerve plexus in the wall of the arteria carotis
cerebralis, (a) Tunica adventitia; (b) nucleus of connective tissue cell; (c)
tunica media; (d) nucleus of smooth muscle cell; (e) nerve plexus in the

adventitia; (f) nerve plexus in the media; (g) thin nerve fibre; (h) thick nerve
fibre; (i) dendritic branching. Bielschowsky—Abrahdm’s method. Microscopic
magni- fication 400 X>reduced photographically to W

fibres mentioned above, yet we are bound to assert the presence of myelinated
fibres in the cerebral arteries, too. including not only those passing in the brain
base and meninges but also those in the cerebral tissue. We saw the myelin

sheaths very clearly on the axons of nerve fibres passing on small arteries drawn
out from the cerebral cortex.

Considering the functional classification of the nerve fibres described above, we
may state that the thin sympathetic fibres are efferent, viz. vasomotor fibres,
whereas the thick ones are the sensory elements of the vessel wall. As shown in
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Fig. 222. Homo. Small vein in the cerebral cortex; nerve fibre plexus in the

vessel wall, (a) Connective tissue; (b) nucleus of connective tissue cell; (c)

connective tissue bundle; (d) thick nerve fibre; (e) thin nerve fibre; (f) nerve

ending. Bielschowsky—Gros5 method. Microscopic magnification 800 X,
reduced photographically to 72

the illustrations, the latter arborize, being attached to the vessel wall, namely the
tunica media, at several sites. Beside them we saw also loose coil-like nerve end
formations and considered them to be special sensory end apparatuses of the vessel
wall. We failed to detect any nerve elements in the intima.

Cerebral Veins

The wall of the cerebral veins is thin. In preparations impregnated in toto, the
nuclei of endothelial cells are also easily seen on the walls of postcapillary veins.
The veins are rich in nerve fibres which, however, do not form larger trunks,
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passing as a rule in small branches constituted by two to three fibres. There are
also numerous single fibres passing over long distances and exhibiting in their
pathway distant roundish varices. Cerebral veins, namely the smaller ones and in
particular the postcapillary veins, are characterized by rich afferent innervation-
Veins containing very variable afferent nerve end formations are seen, particularly-
in the chorioid plexus. We examined these formations on smaller veins removed from
human chorioid plexus. The specimens were impregnated in toto, cut in sections,
straightened and fixed. Some of the preparations thus obtained showed large
numbers of sensory fibres and sensory nerve endings.

In the wall of a small vein obtained from the chorioid plexus, we detected a
variety of sensory endings. Of these the knot-like endings, large loose coils
and small coils appeared to be quite typical. The knot-like formations were of
variable dimensions. In general they were dense, arranged close to each other and
formed together a nest-like structure. Their appearance was unusual. | have never
encountered similar structures during my whole neurohistological work. They may
have been pathologically enlarged nerve end bulbs (Fig. 222). Beside them, end
knots of smaller or larger sizes have been frequently present, showing a roundish,
elongate or tapering shape. The latter bore a resemblance to the generally known
knot-like nerve fibre endings. Infrequently also thin fibres running over a long
distance were seen to end in smaller coils. In addition, loose coil-like structures,
arisen by the intertwining of fibre systems constituted by the terminal ramification
of a single fibre, have been encountered fairly often.

Cerebral Capillaries

On the basis of studies by Grigorjeva, Hadjioloff. Bokov, Tchakharoff and
others, the cerebral capillaries are fairly well known both in general and in detail.
It was demonstrated that cerebral capillaries running in the meninges as well as
those supplying blood to the central nervous system’s grey and white matters
are innervated by sympathetic fibres. Some of these fibres accompany the vessels,
some of them pass on the vessel walls and occasionally end in terminal bulbs. The
same was found by us except that in our silver-impregnated preparations no
endings were seen on the capillaries.
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fibres 128
Cholinesterase activity

in amphibia 41

in aortic arch 273

in cells” processes 130
Cholinesterase assay 274-5
Cholinesterase test in bony fishes
Chordae tendinae 85
Chromatin in birds 66
Chromatophores in amphibia
Chromium salts 321
Circular groove in bony fishes 8
Circus aeruginosus (see Marsh-harrier) Figs.

2112, 276,

130

22-3

22

23

49, 166
Coils
in renal artery 358
in reptiles 64
Coil-like end structure 105
Coil-like end system in horse 148
Coil-like endings in dog 139
Coil-like formations, cerebral vessels 281,
372-3
Collagenous bundles 90
in bony fishes 9
Collagenous connective tissue 47
Collagenous fibres 37, 71, 73, 102
in ventricular myocardium 102
Columba domestica Figs. 107—8, 194
Common bat (Myotis myotis) 89

Common buzzard (Buteo buteo) 65

Common cage-bird (Streptopelia decaocto)
64

Common carotid artery

Common coot (Fulica atra)

304-6
64, 276
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Common cormorant
sinensis) 64

(Phalacrocorax carbo

Common heron (Ardea cinerea) 64, 203,
276

Common snake (Tropidonotus natrix) 43,
57, 59

Conducting system, ventricular 74
Conus arteriosus in bony fishes 8
Coronary arteries 7, 179, 211
adventitia 347
calcium granules 343

intima 347

media 343, 347

nerve plexus in media 196
wall 346

Coronary sinus 115
wall in man 166
Coronary vessels 65, 90, 159
innervation 3429
Cor pulmonale 332
“Corpuscula originis
Berscli 251-2
Coupland and Holmes’ method 83, 128,
131-2
Cow (Bos taurus) 89, 108
Crista acustica in carp 226
Crista terminalis 109, 111
Crow (Corvus frugilegus) 65
Crus commune 115, 134
innervation 122
of pig 131
Crus dextrum et sinistrum 115
Cuvieri ducts in bony fishes 7, 9
Cyprinus carpio  Figs. 1—7, 9, 10

nervi depressoris”,

Degeneration
after vagal section 34
of baroreceptors
in carotid sinus 313
in hypertension 316
of end system in man 271
Dendrit plates 343
Dendritic continuity 166
Dendrits 100
Depressor afferent system in amphibia 38
Depressor endings, tunica media 260
Depressor fibres

in birds 275-6
in pig 219
vagal 113, 214

Diencephalon 367

Discs in amphibia 37

Disintegration of end plates 316

Distal synapses 186

Dog (Canis familiaris) 89,
215-8, 278, 321

aorta 196

aortic arch 196

aortic fibres 215

AschoffFfawara nodule 115

atrioventricular system 128

106-7, 115,
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Dog (cont.)

carotid sinus 139

end plates 139

receptors, endocardial 130

sinus caroticus 278

Dogiel | type 107, 130, 161, 163, 209, 343,

349

Domestic cat (Felis domestica) 89
Domestic duck (Anas anas) Fig. 43
Duck (Anas domestica) 64, 211, 276, 368

Kberth’s line 99, 110-1, 120
Efferent endings 132
Efferent fibres, intracardial 159
Efferent vagal fibres 40
Ehrlich’s and Golgi’s method 39
Ehrlich’s vital methylene blue 22
Elastic fibres
in endocardium 104
in myocardium 103
in venous sinus 9
Elastic elements 347
Elastic membrane 37
Elliptic end plates 354
Embolia 311
Embolia cerebri 311
Embolization of carotid sinus 338
Emollitio cerebri 311
Emys orbicularis Figs. 26, 28,
33-4, 37, 39, 109
End apparatus
cholinergic, efferent 130
of preganglionic fibres 64
sensory 71
End baskets 64
End bulb
hypolemmal 38

30-1,

in amphibia 22, 39

in birds 71

in bony fishes 18, 21

in mammals 92, 96, 104-5, 120, 123,

133, 159
in media 198
in myocardium 18
in reptiles 55, 64
in sheep 286
of vagal fibres 55
subendocardial 105
End bulb apparatus, Vater-Pacini
201, 204
End bulbs or rings in bony fishes 17
End clubs 166
End discs 254, 282-3
in amphibia 26

type

End fibre plexus Fig. 43
End fibres

in amphibia 34-5, 41

in birds 71

in mammals 189, 278, 286

in man 261
in veins 204



SUBJECT

End fibres (cont.)
of vegetative nervous system 191

varicose 34, 254

End muscular spindle 138
Endings

afferent 122

efferent 122
intracytoplasmic 133

Endocardial layers Fig. 58
Endocardium
atrial, in birds 81
duplication 74
in amphibia 25-6, 36-8

in birds 69, 71, 73, 76, 79, 81, 158

in bony fishes 9, 12, 14
in calf 115, 116
in mammals 90, 93-5, 97-8, 104-5,

139
in reptiles 50, 156
in sinoatrial node 111
in ventricular septum 105, 127
receptors 135
sensory elements 18
ventricular 73, 104

Endothelial cells 139, 367
in amphibia 25, 34
in bony fishes 9, 15, 17

in capillaries 207
in mammals 96, 98, 104
in reptiles 54
Endothelium
in amphibia 23
in birds 69-70, 74
End plate system 223

End plates 60, 138, 141, 146, 240, 242-3,
248, 250-1, 261, 269, 278, 282, 290
elliptic 243
in calf 153, 284, 285

in mammals Fig. 57
neurofibrillar 298
polymorphous 292
structure 218
triangular 105

End plexus 121-2,
in amphibia 37
in bony fishes 18
in reptiles 61

End ring (see also Terminal ring)

End rings 17-8, 34-5, 37-8, 43, 50,
52, 55-6, 61, 68, 70, 73, 79, 112-3,
120, 122, 132-3, 158-9, 166, 169

afferent 122
coil-like 139
efferent 122
epilemmal 113, 122

191-2, 243, 345

hypolemmal 73, 122, 150
in amphibia 35, 37

in birds 68

in reptiles 55—6

intracytoplasmic 133
plate-like 113
sensory 43, 123, 135

INDEX 421

End rings (cont.)
or end spheres 132
End spheres 359
End structures 135
End system
capsule-less 146
degeneration in human aortic fibres 271
Environmental factors 318
Enzyln;atic activity in postganglionic fibres

Epicardial epithelium in birds 79
Epicardial plexus 90, 92, 100
Epicardium

in amphibia 25, 34-7

in birds 65, 69, 71, 83-4, 158

in bony fishes 12, 15, 17

in mammals 89-90, 99, 102, 104, 108

in reptiles 47, 58, 61

innervation 135

of musk-rat 165
Epirnys rattus norvegicus

Plate 11 (63)

Epithel 7

in amphibia 34

in reptiles 47
Epithelial cells in amphibia 25
Epithelial layer in birds 65, 73

Figs. 56,59,218,

Epithelium in mammals 99, 104, Fig. 61

Epitheloid cells 324, 339, 363

Equus caballus Figs. 6-7, 74, 89, 170-1,
196, Plate V (247)

Evolutionary level 158

Eye 187

muscles 179

Fasciculus anterior et posterior 116

telis domestica Figs. 52, 57, 61, 78-80,
84-8, 96, 103, 116

Fenestral cells 351

Fiber zibethicus Figs. 62, 100

Fibres (see also Nerve fibres)
afferent 160-1

cerebrospinal 176, 196
collagenous 37, 103
efferent 159
elastic 65, 104, 117

in mammals 105, 107

in ventricular myocardium 103
myelinated 35, 37, 40
myeline-sheathed 24, 35
of nerve plexuses in media 192
parasympathetic 108, 130
pericellular 64
postganglionic 40, 41, 87, 128, 187
preganglionic 64, 87, 159, 171, 353
sensory, in amphibia 26, 43
sympathetic 35, 40, 65, 150
ultraterminal 90
varicose 114

in amphibia 25

in reptiles 53
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Fibre system of thoracic interspinal ganglia

161
Fibrous ring in birds 74
Fieldfare (Turdus pilaris) 65
Flamingo (Phoenicopterus roseus) 64
Fossa, oval 115
Fossa Sylvii Fig. 215

Fox (Vulpes vulpes) 89, 139
Frog 176
heart 39
innervation 23
vagus 41

Fuchsinophilic cells 333

Galen’s heart nerve 85

Gallus domesticus Figs. 51, 112, 122-4,
221
Ganglion (-ia) 127, 161
Bidder’s 34, 36, 41, 161
cardiac 159
in mammals 36, 38
cervicale inferius 87
medium 87
superius 87, 128
cholinesterase reaction 128, 130

glossopharyngeal 316
in amphibia 41-2
in birds 65, 82, 84
in bony fishes 19-22
in cat 1057
in frog’s heart 161
in heart wall 161, 166
in mammals Fig. 53

in ungulates 111
intracardiac 39, 159

in amphibia 39

in reptiles 46, 56—64
jugular 87
of coronary arteries 349
of gastrointestinal system 166
on sinoatrial node 161
paravertebral 86
thoracic interspinal 161
upper, thoracic 87

vagal 316
vegetative 107
Ganglion Fig. 211

cells Fig. 103
in reptiles 59
intracardial 7
in amphibia 30, 36, 41-42
in atrial epicardium 161
in epicardium Fig. 98
in reptiles Fig. 35
intervertebral 87
jugulare vagi 316
Ludwig’ 161
nodosum vagi 316, 319
of sinus coronarius cordis
Remak’s 161

Fig. 97

stellatum 87
sympathetic 289
Garden snail (Helix pomatia) 30
Gastropodes 190
Genetic relationship 318
Gerebtzoff-Coupland-Holmes’ test 23
Giant plates 163
Glandula intercarotica 321
Glomectomy, asthma bronchiale 333
Glomera
accessory 319
in birds 339
in mammals 340
in man 341
Glomerulus (i) 324-5, 329, 334
nerve supply 334
Glomus (-era) 339
in aortic wall Fig. 203
Glomus caroticum 319, Figs. 194-5,
197-9, 202
in birds 319-21
In mammals 321
In man 286, 325
Glomus cells 324, 335, 342
accessory 333
Glycogen
content 117
of atrial nodule 117
in stimulus-conducting fibres 80
Glycosuria 337
Goat (Capra ibex)
aortic fibres 255
intermediary neurofibrillar plates 255
neurofibrillar end plates 255
neurofibril-like axon 255
Golgi’s funnel 219
Golgi’s method 207
Golgi’s preparation 179
GOmdri’s chromohematoxylin stain 9
GoOmori’s chromohematoxylin-phloxin gra-

107, 160, 225

nules 41
GoOomori’'s chromohematoxylin-phloxin tech-
nique 22-3

Goormaghtighian cell groups 363

Goose (Anser domesticus) 64, 211, 276,
368

Granulation, tigroid 187

Gros’ method 108

Gros-Cauna’s method 108

Guinea pig (Cavia cobaya) 89

acetylcholinesterase 128

Aschoff-Tawara nodule 115

Gull (Larus ridibundus) 276

Haemangioma 337

Hair arrector muscle 179
innervation 179
Heart

auricles

in bony fishes 7
in mammals 85
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Heart (cont.)
auricle, right 108-9
automatism 106
bulb in amphibia 23, 37
cardiac plexus 88-9
cartilage 115
cavities 34
fibres, parasympathetic
88
ganglia 21, 41, 57,
in amphibia 30, 41
in birds 79
in bony fishes 19
in mammals 85, 161
in reptiles 58
nerves
anatomy 80
histology 89
sympathetic 86
vagus 86
phylogenetic aspects
receptors 135
appearance in mammals 158
phylogenesis 157-8
reflexes 139
shape and structure 7
in birds 64
in bony fishes 18
in buffalo 254
in calf 107, 153

preganglionar

87, 161

157-8

in carp 157

in cat 108

in dog 105

in frog 22, 39, 41
in horse 148

in mammals 85

in mouse 106

in pig 150

in pigeon 83

in reptiles 43

in sheep 107, 150, 153

in tortoise 58, 01, 122
interoceptors 158
wall 86

Heidenhain’s Susa 8, 108
Helix pomatia Fig. 10
Hematoxylin and eosin 253
Hen (Gallus domesticus) 05
Hen harrier (Circus cyaneus) 211
Henle’s reaction 326
Hering’s sinus reflexes 275, 338
His’ bundle 106, 115-7, 123,
130-3, Figs. 67-8
in buffalo 132

126-7,

in horse 134
in pig 134
Homo Figs. 97, 101-2, 117, 121, 155-04,
175-91, 193, 197-200, 202, 204-6,
212, 214-6, 220, 222, Plates 111l

(237), V (247)
Horse (Equus caballus) 89, 108-10, 113-7,
148, 281

INDEX 423
Horse (Equus caballus) (cont.)
arteria coronaria dextra 116
Aschoff-Tawara nodule 115-6
atrial endocardium 150
atrioventricular bundle 123, 125
carotid sinus, media 2813
chemoreceptor system 148
glomus caroticum 321
His’ bundle 115—6, 134
neurofibrillar end plates 282
nuclear degeneration and regeneration
125
plexus in Aschoff-Tawara nodule 121
sensory nerve endings 123
sinoatrial system, innervation 113
sinus caroticus 281
stimulus-conducting fibres 130
system, histology 107
trigonum fibrosum dextrum 115
Hypertension 311
Hypolemmal bulbs in amphibia 25
Hypolemmal end bulbs in bony fishes
16

Hypolemmal end rings in reptiles 56
Hypotension 337

“Independent” neurofibrillar plexus 336
Inhibitor 317
Inhibitor system 316
Innervation
in vessel’s media in bony fishes 18
of arteries 177-8
tunica adventitia 194-6
tunica intima 200-4
tunica media 196-9

of atrial myocardium Figs. 6-7

of atrioventricular system 115—6
of blood vessels 174—7
of capillaries 177
of cerebral capillaries 373
vessels 177, 365
of coronary arteries 177
of heart
in amphibia 22
in birds 64
in bony fishes 7
in mammals 85
in reptiles 43
of heart vessels 342
of human heart 133-4, 166

of intracardial vessels 177

of renal vessels 177, 357

of sinoatrial system 108

of sinus coronarius cordis 342

of veins 177, 201-4

of vena cordis magna 353

of vessels 173

segmental 175
Interconnections of afferent fibres 367
Interlamellary plexus, adventitial 196
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Intermediary
branch system 248
neurofibrillar plates
plates 243
in calf 284
in man 308
in sheep 280
on aortic fibres 269
Intermediate neurofibrillar plates
220
Interoceptor 317
Interstitial cells 154,
mediator 335
Intersynaptic space 190
Intestinal innervation 86
Intestinal submucosa 208
Intima of cerebral arteries 367
Intracardiac arteries 342
innervation 357
Intracardiac nerve fibres in amphibia 40
Intracardiac receptors, enzyme activity 133
Intracardiac vessels 357
Intradendritic elements 100
Intraglomerular apparatus 363
Intraglomerular coils 329

225, 295

2156,

185, 190, 254, 262

Jabonero’s silver carbonate method ft, 10S
Jackdaw (Colaeus monedula) 65
Juxtaglomerular apparatus 363

Keith—Flack node
ris) 106-8
Kidney Fig. 218, Plate Il (63)
of dog, nerve fibres 363
Koelle—Friedenwald’s method, modified by
Gerebtzoff 9, 128, 275
Knob-like endings 192

(nodulus sinoauricula-

Lacunar matrix (spongiosa) in bony fishes 8
Lamella-like structures 217
Lamina propria

in amphibia 23

in bony fishes 9
Lemnoblast 185
Lepus cuniculus Fig. 106
Ligamentum arteriosum Botalli
Lizard 52, 177
Long-eared owl (Asio otus) 65
Loop of vessels 204, Fig. 119
Ludwig’s ganglion 41

233. 260

Magpie (Pica pica) 65
Malpighian bodies 363
Mammals 36, 85, 278
accessory glomera 342-3
atrial septum 97
atrium 90
carotid sinus 278
chemoreceptors 32

Mammals (coni.)

ganglia 161

heart nerves, anatomy 86
histology 89
sympathetic 86
phylogenesis 158
pressoreceptors 214-5
vagal cardiac rami 88
ventricle 99

ventricular septum 104

Man (Homo sapiens) 87, 89, 106, 108,

115-7, 161, 260-9, 286-301
accessory glomera 341
alteration on sinus caroticus 301
aortic arch 260
aortic fibres 260
carotid glomus 286
cerebral veins 372
chemoreceptors 325-8
common carotid artery
coronary arteries 342-9
coronary sinus 353
external carotid artery 306
glomeruli in glomus caroticum 325
glomus caroticum  325-38
neurofibrillar end plates 260
pathological aortic fibres 269
periarterial nerve plexus 343
pressoreceptors 260
pulmonary artery 306
receptors 260
renal arteries 358
sinus caroticus 286, 288, 291
sinus coronarius cordis 349
tunica intima 288
tunica media 288
vena cordis magna 353—4
vessel wall’s structure 253

M arsh-harrier (Circus aeruginosus) 65
Media 178, 180, 233, 281, 308, 347, 357-8,
361, 370
depressor fibres (in rabbit) 252
in aorta (in pig) 128
in arteries 196
in birds 276
in bony fishes 11, 18
in buffalo 254
in calf 253
in cerebral arteries 196
in coronary arteries 196
in dog 218
in man 260-2, 269, 271
in reptiles 46
in sinus caroticus in man 288
in veins 201
in vena cava superior in dog 139
smooth muscle cells 179
Medulla oblongata 366
Meissner body 363
Meleagris gallopavo
Membrane

elastic 37

304-6

Figs. 110, 219
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Membrane (cont.)
nuclear 332
postsynaptic 186, 190
presynaptic 186, 190
Methylene blue 360
Micro-cells 111
Mitochondria 332, 337
in birds 69
Moderator fascicle 115
Mole (Talpa europaea) 89, 161, 169-70
Montagu’s harrier (Circus macrourus)
65
Morphological basis 292
Mouse
His’ bundle 106
renal veins 364
Multipolar ganglion cells 19, 59
Multipolar nerve cells 20, 343
Muscle cells
in media 178
smooth 23
Muscle fibres
mechanical 79
striated 18
Muscles of the eye 179
Muscles, papillary 85
Muscular columns in bony fishes 8

Muscular valve 68, 74, 81, Figs. 46-8
Muscular valves in birds 65, 68, 74-9,
81-82
Musculus subaorticus Jerisch 115
Musk-rat 165
Myocardial layer 97
of ventricular septum 105
Myocardial plexus 71, 89, 92, 104
Myocardium
border 113
in amphibia 25-6, 33-4, 36-7, 39
in birds 67—71, 79
in bony fishes 12, 15, 17, 18
in mammals 87, 90, 92, 95, 98-9. 102,
104-5, 115, 127, 139, 159
in pig 113
in reptiles 50-3, 55
of ventricular septum 105
proprioceptors 17
receptors 137
septal in birds 73
ventricular
in birds 72, 84
in bony fishes 17
Myodegeneratio cordis 311
Myofibrils 91, 117
acetylcholinesterase 129
crossing 117
in birds 66, 69, 73
in mammals 91
striation 110, 117
Myogenic theory 120
Myeline sheath 36, 141, 146, 178, 219,
221, 223. 230. 261, 317. 342. 353,
370-1

INDEX 425

Myeline sheath (cont.)

in cerebral vessels 366

in human aortic fibres 261

secondary fibres 261
Myelinated fibres 141, 226, 254, 261

in cerebral arteries 371

in man 261

in wall of human aorta 260
Myelinated nerve fibres 338
Myeline-sheathed nerve fibres in amphibia

25

Nerve, vestibular 226
Nerve bundles 9
in reptiles 46
Nerve cells Fig. 196
acetylcholinesterase activity 130
Dogiel’s type | 107, 130
end plexuses 61
in atrial wall Fig. 2
in coronary arteries 209
in ganglia 107
in vessel walls 209
multipolar 19
in bony fishes 19
of stimulus-conducting system 111
specialized Figs. 101-2
unipolar 85
in reptiles 60
Nerve connections
in adventitia 191
in coronary arteries 342
in tunica media 191
of arteries 178
of capillary vessels 365
of vena cordis magna 353

Nerve end body Fig. 138
Nerve end bulbs 166, 169, 373
Nerve end coil in cat Fig. 87
Nerve end fibres in amphibia 34
Nerve end fibre system Figs. 150, 177,
186
Nerve endings (see also Endings) 125,
159
capsulated 212
free 133-4

in Aschoff—fawara node 122
in mammals 90
of myocardium

in amphibia 39

in birds 78

in bony fishes 18

in mammals 133—4
in reptiles 55-57

Nerve end knob Fig. 73

Nerve end organ Figs. 80-1, 85,88, 90-5,
128, 140-1, 143-6

Nerve end plates Fig. 154

Nerve end plate system 174. 176,

178, 183

Figs.
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Nerve end plexus
Nerve end
ing system 135
Nerve end system 292
Nerve fibre bundle Fig. 37
Nerve fibres 169, Fig. 33
afferent 338
and nerve endings Fig. 34
capillaries of heart 357
efferent 113

Fig. 164

endings 192

epicardium 40

in atrial wall Fig. 3

in atrium of mammals 90
in birds 76

in glomus caroticum 319

in kidney of dog 363

in myocardium Fig. 5

in tunica adventitia 179, 253
in tunica intima 253

in tunica media 174, 196

in vena saphena magna 202
intracardial origin 159

of capillaries 206

of cerebral vessels 366

of valves 173

ortho- and parasympathetic 310

pathological alterations 3013
sympathetic 86

unmedullated 363

Nerve fibre plexus Figs. 4,16-7,20-1,

26, 30, 65,
210

Nerve fibre terminal system Fig. 152
Nerve intercarotid 337
Nerve interconnections 74
nets, peripheral 192
Nerve plexus Figs. 2, 11, 18, 22,
31, 36, 44-5. 47, 96, 99,
153, 175, 330, Plate Il

71-2, 74, 128, 182,

28-9,
105-6,

in bony fishes 10-12, 17
in mammals Figs. 55, 62
in venous sinus Fig. 8

Nerve reticulum in reflexogenic area 310
Nerve system, cerebrospinal 357
Nerve terminal system Fig. 151
Nerve trunk 30, 34, 45, 69, 74, 130
Nerve trunks in amphibia 36
Nervous system
gastrointestinal 30
orthosympathetic 310
parasympathetic 310
stimulus-conducting system 122
vegetative 30
terminal formation 189
nerve connections 189
Nervus accessorius 88
Nervus aorticus
in rabbit 214
receptor 254
Nervus cardiacus
crassus 87

structure in stimulus-conduct-

inferior seu parvus 87
medius seu magnus 87
superior 87
Nervus depressor
in birds 211-3
in rabbit 251
vagi 88
Nervus glossopharyngeus
281, 286, 321, 336-7
Nervus laryngeus
inferior 88
superior 88

Nervus recurrens

252-3

276, 2789,

in mammals 85-86
vagi 87
Nervus septalis dorsalis in amphibia 27,
34

Nervus septalis ventralis in amphibia 27
Nervus sympathicus (see also Sympa-
thicus)

Nervus vagus, receptors in calf 253
Net, neurofibrillar 277
Network 216

epicardial 100

neurofibrillar 248, 292
Network system 279, 357
Neuraxon 311, 313

vesicle 311
Neurilemma 317

in calf 153
Neurilemmal nuclei 153, 223, 230
in pig 219
Neurofibrils 139, 184, 220, 226, 230, 233,
236, 240, 276, 278, 286, 290-2, 301,
304, 331
bundles 183

in amphibia 25
in bony fishes 11-2
in calf 153
in reptiles 55
Neurofibrillar end bulbs
18
Neurofibrillar end plates 113, 135, 138,
141, 142, 146-7, 240, 282, 292, 303
in calf 306
in cat 143, 146
in goat 255
in man 260
in myocard 137
in reptiles 60
in sheep 150
Neurofibrillar interconnections of end sys-
tem 269
Neurofibrillar net in birds 277
Neurofibrillar network 318
Neurofibrillar plates 161, 171
intermediary 216, 220, 251,
284-6
in common carotid artery
in elder persons 267
in man 261-2, 267, 298, 304
Neurofibrillar plexus in bony fishes 18

in bony fishes

2545,

3045
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Neurofibrillar reticula 218
Neurofibrillar terminal system Fig;. 147
Neurofibrillar veil 269
Neurohistology 166
Neuromuscular system 179
Neurosecretion 23, 187
in amphibia 41-2
in bony fishes 23
Night heron (Nycticorax nycticorax) 64
Nissl granules 91, 333
Node
sinoatrial 110, 113
artery 110
innervation 111

Oesophagus 87

Orifice of aorta 130

Ortho- and parasympathetic fibres 310
system 310

Os cordis in calf 115

Osmic acid 39

Ossification centre 337

Ovis aries Figs. 60, 91, 119, 153-4,
173-4, 195
Palatine mucosa of frog 183, 208-9

Papillary muscle, septal 115
Paraganglion (-ia) 212, 321, 325, 341
Paraganglion caroticum 321
Parasympathetic fibres 262
Parasympathetic system 310
Paravascular (paraportal) cells 363
Paravertebral ganglia 87-8
Pars corticalis of spongiosa, in bony fishes 8
PAS reaction 108, 110, 117
Pathological alteration of carotid sinus 301
Pathological processes of sensory nerve
fibre 301

Pectinate muscle in bony fishes 8
Peewit (Vanellus vanellus) 64
Periadventitial sensory end system 324
Periarterial neurectomy 175
Pericardial cavity in bony fishes 7
Pericardium

in amphibia 43

in mammals 85, 173
Pericellular apparatus in reptiles
Pericellular bag 329
Pericellular basket 30, 170

in amphibia 41
Pericellular fibres in reptiles 64
Pericellular plexus 170, Fig. 104,

11 (63)

in reptiles 61-2
Pericellular spirals

in amphibia 34

in reptiles 62
Pericytes 209
Perineural space,

extra- 301

58-9

Plate

Peripheral nervous system 176
Peripheral vegetative paths 191
Periterminal net 183

Phalacrocorax carbo sinensis Figs. 45, 50
Pheasant-cock (Phasianus colchicus) 65

Phoenicopterus roseus Fig. 46
Phrenic nerve 172
Phylogenesis 30

of cardiac receptors 157-8
pressoreceptors 316-8

Phylogenetic continuity 71
Pia mater, capillary vessels 366
Pig (Sus scrofa domestica) 107, 108-10, 113—4,
116, 165, 218, 279
acetylcholinesterase reaction 128
aortic arch 226, 233
nerve end fibres 225

arteria coronaria cordis 346—
Aschoff-Tawara node 1156, 121-2
innervation 1201

atrioventricular system 115

bundle of Wenkebach 109
cholinergic nerves 130
cholinesterase activity 273
coronary arteries 179, 196, 342, 346
crus commune 131

depressor fibres 226, 230, 232
glomus caroticum 322

His” bundle 115-6, 122, 134

heart cartilage 115

interoceptor 133

nerve connections 362

neurilemmal nuclei 219
pressoreceptors 21833

Purkinje fibres 127

sinoatrial system 11, 113

sensory endings 170

sinus caroticus 279
stimulus-conducting fibres 130
trigonum fibrosum dextrum 115
vegetative fibres 219
vena cordis magna 353
Pigeon (Columba domestica)
heart 83
Pike 19
Pike-perch (Lucioperca lucioperca) 8
Plates, neurofibrillar 155, 216, 220, 2545,

65, 276

261, 298, 304
Plexus (-es) 158, Fig. 38
adventitial 178, 196, 346, 359

in bony fishes 10
in mammals 196
in man 369
atrial 65
atrioventricular 107
coil-like 284

epicardial 71, 100, Fig. 41
in adventitia 276
in birds 65

in reptiles 51
interlamellar 178, 355
intraganglial 253
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Plexus (cont.)
intraglomerular
medial 359
myocardial 104
of atrial system 70
periarterial 3423

Plexus cardiacus 88

in mammals 89

profundus 89

profundus sen posterior 88
superior 89

Plexus cardiacus superficialis, seu anterior
88

324, 328, 331

Plexus chorioideus 209, 373
Plexus coronarius
dexter
sinister 89
Plexus endocardialis 73, Fig. 63
in birds 73, 83
in mammals 89
Plexus epicardialis 65, 71
in mammals 89-90, 92

Plexus extracardialis 85
Plexus myentericus Fig. 109
Plexus myocardialis 71, Figs. 27, 48,
54
in mammals 89
in reptiles 55
Plexus nervosus
in mammals Fig. 55
on coronary artery 86
Plexus periglandularis 324, 327-8
Plexus periglomerularis 324, 328
Poachard (Anas platyrhyncha) 64
“Polkissen” 363-4
Pond tortoise (Emys orbicularis)
55, 57-8, 61, 64, Fig. 37
Postganglionic fibres  40-1, 87, 128, 187
and distal syncytium 185
Pouched valves in bony fishes 15
Precapillary arteries 342
Preganglionic fibres 21.
171, 369
in reptiles 64
Pressoreceptors
and phylogenesis
in aortic arch 211
in birds 211-3
in buffalo 254
in dog 215-8
in heart wall 113
in mammals 214
in man 260-9
in pig 211-3
in pulmonary artery 308
in sheep 257
in vessel walls
Process (-es)
cholinergic 130
in aortic arch 310
in atrium 90

in endocardium 310

44, 46,

55, 64, 67, 159,

335, 344, 355, 358-9
315-8

211-2

Process (-es) (cont.)

in ganglia 85

in mammals 86
Processus tendineus aortae 115, 120
Proprioceptors

in heart wall 113

of myocardium Fig. 80

in bony fishes 17

Pseudo-cholinesterase activity 133
Pseudo-chordae tendinae 116
Pulmonary artery 306-9
Pulmonary veins

innervation 24

of birds 204
Purkinje bundles 105
Purkinje cells 82, 105, 115
Purkinje fibre bundles in birds 82
Purkinje fibre network in birds 81
Purkinje fibres 73, 83, 115-7, 122,

127-8, 131-2

acetylcholinesterase reaction 131-2

in birds 69, 70, 81, 83
in mammals 105, 115, 117, 122, 127,
131- 2
Python 57
Python reticulatus Figs. 29, 32, 36, 40,
Plate Il (63)

Rabbit (Lepus cuniculus) 89, 107
acetylcholinesterase 128
aortic arch 251
depressor fibres 214
innervation of aorta 252
intima of aortic arch 251
pericardium 173
stimulus-conducting system 107
Rami cardiaci
in mammals
inferiores 88
superiores 88
Ramification, circumscribed (appareils sen-
sitifs & ramification circonscrite)
291

Ramification, diffuse (appareils terminaux
4 arborisation diffuse) 291
Ramon y Cajal’s method 39
Ramus aorticus
in man 260
in ruminants 254
Ramus cardiacus in amphibia
Ramus caroticus 326
Ramus septi fibrosi 116
Rana ridibunda  Figs. 11-2,
20-4, 120
Rat (Epymis raltus)
albino 189
heart 107
intestinal innervation 189
sinoatrial node 108

Ranvier’s invagination 223

86, 87-8

27, 34

14-6, 8.

89, 95, 107, 115
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Receptor(-s) 133
epicardial 135

in adventitia Plate 1 (48)
in aortic arch Fig. 127
in birds 65
in endocardium Fig. 57
in mammals 139-57
in plexus epicardialis Fig. 78
in vessel walls 2091

intracardial 133

myocardial 137

of aortic wall 230

of arteria coronaria cordis 347

of atria in amphibia 34

of heart 135

of heart in endocardium, in pig 150

of heart wall 37

of muscular valve

of vertebrates 157

special 233
Receptor apparatus 139

bulbar wall 38

in aortic arch 317
Receptors, cardiac, phylogenesis 157-8
Receptor elements in bony fishes 11
Receptor end apparatus in intima 251
Receptor end system 301

Fig. 47

in calf 148

in pig 248
Receptor function in reptiles 49
Receptor system Fig. 61

in vertebrate heart 36
Reflexogenic area 196

interstitial cells 310
Reflexogenic zone

of aorta 310

of carotid sinus 310

sensitive 211

wall of arteria pulmonalis 308
Regal python 44, 62, Fig. 26
Reiser-Stohr’s terminal reticulum 107, 133
Remak’s ganglion 41

in amphibia 25

in mammals 161

Renal arteries 358-63
in cat 362
in dog 362

in man 358

in media 350

in squirrel 362
Renal capillaries 365
Renal veins 364

of mice 364
Renal vessels
innervation 357-63
intima 363
Reptiles (Reptilia) 43-5, 69
arterial portions 178
atrial septum 50
lung 19

venous sinus 45
ventricle 51
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Resorcin-fuchsin 253

Respiratory centre 338

Reticular plates 226

Reticulum (-la) 122-3, 191-2, 276, 310-1.
345

problem 156

Salmonidae 8
Sarcolemma 34. 39, 66, 70, 723, 79, 91.

120, 126
in birds 66
Sarcoplasma 66, 73, 91, 120
in birds 66

Sauropsida 69
plexuses 15#
Schadabasch’s procedure 1, 23
Schwann cells 300, 308, 313
Schwann envelope 301
Schwann sheath 327
Schwann-type nuclei 204
Schwannian elements 183
Schwannian membrane 183
Schwannian nuclei 190, 369
Schwannian plasmodium 190
Scierotization 342
Sclerotic granules in media 267
Screech-owl (Strix flamme,u) 211
Secondary fibres
myelin sheath 261
of human aorta 261
Secretory activity 337
Senile pathological forms in man
353
Sensory apparatus 316
Sensory elements in adventitia 18, 195
of cerebral vessels 372
of myocardium 18
Sensory end apparatuses
Sensory endings 160
in cat 105
endocardium 107
heart 135
His” bundle 123
mammals 104, 113-4, 123
Sensory end organ Fig. 84
Sensory end system Fig. 91
myocardial, in cat 137
Sensory fibres
in amphibia 26, 43
in myocardium 105

in veins 201

Sensory nerve endings 173, 337

Sensory nerve end organ Figs. 82-4,
Plate 1 (48)

Sensory nerve end plates Fig. 66, Plate |
(48)

Sensory nerve end system
in atrial myocardium
in mammals 280

Sensory organs in bony fishes 17

Sensory plexuses 157

Fig. 79
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Sensory system 135, 160

in birds 69

Sensory terminal organs in bony fishes
17

Sensory type endings in fox 139

Sensory vagal system 11, 40
in amphibia 34
in cat 105

Septum atriorum 111, 137

in amphibia 23
in reptiles 50, 57
Septum membranaceum cordis 115
Septum narium Fig. 110
Septum ventriculorum (sec also Ventricular
septum)
Sheath
of Schwann 180, 327
vagosympathetic 88

Sheep (Ovis aries) 89,
257-9, 285, 321
coil 150
system 154
depressor fibre 255, 257
glomus caroticum 321
neurofibrillar end plates 150
receptor apparatus 286
sensory end apparatus
150

sinus caroticus 285
varices 280
Silur (Silurus glanis) 8, 19
atrium 12
epicardium 12
myocardium 12
Silurus glanis Fig. 8
Silver impregnation
373
method modified by Abraham, Cauna,
Dolezel. Gros, Jabonero 2, 4-6, 30,
44
Single nervous cells in amphibia 27
Sinoatrial node (see also Keith and Flack)

106-7, 150,

in endocardium

5-6, 8, 22,

106-14, 120, 128
acetylcholinesterase 128
artery 110
histology 109
in birds 81
in calf 109-11, 113
in horse 109-10, 113-4
in mammals 81. 128
in pig 109-11, 113-4

innervation 108, 111-4

myocardium 108
nerve endings 120
vein, upper, hollow

Sinoatrial nodule
in birds 81
of avian heart 81
Sinoatrial valves in amphibia 25
Sinus
caroticus 304, Figs. 167-9,
179, 180-1, 187, 191-2

103, 108

170-3,
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Sinus caroticus (cont.)
in mammals 278
in man 298
carotid 278
Cajal’s interstitial cells 310

human, pathological alterations 301
in birds 275

in calf 283

in dog 139

in horse 281-3

in pig 279

in sheep 285-6

internal carotid artery 306
nerve connections 310
nerve endings in wall 298
peripheral reticulum 298
reflexes 304
coronarius cordis

in calf 349, 351
innervation 342

349-53

coronary in calf 349-53

nerve 278, 289, 301

occipital 283

reflex 280

renal 361

venous
in amphibia 22, 25, 30-2, 41
in birds 64

in bony fishes 9-12, 18-9

in mammals 85

in reptiles 43, 45—6
Sinusoid (-s) in glomeruli 331, 333
Small artery FTg. 220
Small veins Fig. 222

Snail 30, 50
Specialized nerve cells Fig. 99
Special nerve cells Fig. 212

Sphincter, atrial muscle 8
Sparrow (Passer domesticus) 65, 70
Sparrow hawk (Accipiter nisus) 65
Spatium intervalvulare Henlei 115
Spinal fibres 29-31, 33-4, 41
in amphibia 30, 41
Spinal segments 86
Spirals 33-61
in birds 30
in mammals 30
in reptiles 30, 61-2, 64
pericellular 34
in amphibia
in reptiles 62
Spleen 180
innervation 86
Spongiosa in bony fishes 8
Spotted salamander (Salamandra maculosa)
22

33-4

Staining
gold chlorid 177
methods 1, 6, 22-3, 44, 108

neurohistological 177
methylene blue 177
van Gieson 9, 108, 110, 117, 253
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Staining (cont.)
with Best’s carmine 108, 110, 117
with Ehrlich’s vital methylene blue 22
with Gomaéri’s chromohematoxylin -
phloxin 9, 22-3
with hematein-eosin 110, 117, 325, 327
with iron hematoxylin 9
by Heidenhain 108, 117
with Mallory’s stain 9. 108
with resorcin-fuchsin 43

with vital methylene blue by Schacla-
basch 1, 13, 193, 366
Steppe monitor (Varanus griseus) 43, 46,
54, 57-8,

Stimulus-conducting fibres 107,
115, 117, 120, 125, 134, Fig. 49
glycogen in Fig. 67

1104,

in calf 111

in cat 124

in cow 111

in horse 125

in pig 111

nerve endings 134
nuclei 109-10

Stimulus-conducting substances 185
Stimulus-conducting system 122, 135,

Fig. 50
acetylcholinesterase
in birds 83

in mammals 128-33
blood supply 107
histochemical behaviour 128, 133
in birds 69, 74, 79-83
in mammals 105-8, 122
in man 107
in pig 132
nerve end structure 135
sensory endings 107
Stimulus conductors in amphibia 31
Stimulus-producing centre 81
Stimulus-receiving system 248

Stohr’s terminal reticulum 107, 133, 180,
182, 192, 199, 204, 206
Stork 70

Stretch receptors 211
Striation of atrial myocardium 91
Subcavities of heart cavity in amphibia 34
Sulcus, atrioventricular 161
Sulcus coronarius 161
in bony fishes 8
Sulcus terminalis 109, 111
Sus scrofa domestica (see Pig) 89, Figs. 55,
65-6, 69, 71-3, 76, 90, 99, 127-37,
150, 165, 169, 208, 213, Plates I, Il, IV
Sympathetic cervical 7, 9, 39, 64
Sympathetic fibres 24, 86, 178-9, 284
aortic fibres 261
arteria pulmonalis 308
in amphibia 40
in birds 65
in mammals 104
in pig 219
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Sympathetic fibres (coni.)

in reptiles 55

myeline-free 178, 203

ventricular muscles (in mammals) 106
Sympathetic heart nerves 87
Sympathetic nerves 55, 86-87

and aorta fibres 260

and aorta nerve 253

in pig 279

jugular 365

Sympathetic nerve
Sympathetic system

adventitial plexus 195

of cat 105
Sympathetic trunk

extracardial 55
Synapse (-s) 11, 120, 130, 159, 166, Fig. 39

auf Distanz 185

in amphibia 30, Fig. 23

in reptiles 61

of large transmission area 31, 41, 64,

166, 170

supply of heart 86

56, 87

of small transmission area 41, 166, 170
within ganglia 22
Synaptic formation, spiral fibres 31

Syncytium, Schwann cells 187
System

atrioventricular 106, 115
myocardial 79

in birds 79

of plexuses 132

of vagal nerve 41
sinoatrial 108-9

Talpa europaea  Figs. 98, 104-5, Plate Il
(63)
Tawara branches 115, 131
Tawara branch
and myocardium 115
septum ventriculorum 116
Tench, intestines 182
Tendons 85
Terminal branches 178
Terminal fibres 121, 159,
317, 339, 348
varicose 34
in amphibia 25
in birds 70
Terminal nerve rami 176
Terminal plexus 122
in birds 339
in myocardium in bony fishes 18
Terminal rami, lamella-like 223
Terminal ramification 220
Terminal reticulum 18, 180-2,
201, 206
afferent 363
in amphibia 25
in bony fishes 18
in carotid sinus 298
in cerebral arteries 370

179, 271, 292,

189, 192,
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Terminal reticulum (coni.)
in tunica media 199
in vascular nerves 180
in veins 180
peripheral 298

Terminal sensory organ
in bony fishes 17
in cats 102

Terminal sphere 112-3

Terminal structures 121

Terminal system 290
of nerve fibres Fig. 155,
(237)

Thebesian foramina 116

Thorel’s branch 109

Thorel’s bundle 109

Thrombosis 311

Plate 111

Tortoise 46, 50, 53, 57, 106—7
heart 57, 612

Trabecula septomarginalia 115-6

Trachea 87

Transmission area 169
in reptiles 64
Tricuspidal valve 85, 115
Trigonum, in pig 115
Trigonum fibrosum dextrum 115
Truncus arteriosus
accessory glomera 319
chemoreceptors 319
in amphibia 37
in birds 339
in bony fishes 7-8
Truncus brachiocephalicus communis 260
Trunk
brachiocephalic 233
sympathetic 87, 128, 327
Tunica adventitia 194-6
in ampliibia 23
in bony fishes 9
in dog, on sinus caroticus 278
innervation in man 195, 288
Tunica intima 200
in amphibia 23
in bony fishes 9, 18
of arteries 200
of coronary arteries 348
Tunica media 196-9
depressor endings 260
in amphibia 23
in arteria pulmonalis 308
in arteries 191
in bony fishes 9
in buffalo 9
in cerebral arteries
in coronary vessels
in man 285, 288
in veins 201
nerve endings 192
fibres 174
supply 347
Tunica, muscular 176
Turbellaria 310

196, 370
342, 347

Turkey (Meleagris gallopavo)
368

Turtle dove (Turtur turtur) 64

Type 2 cells of de Kock 334

65, 211, 276,

Ultraterminal fibres 236
Ungulates

ganglia 111
stimulus-conducting fibres 113
Unipolar nerve cells

in amphibia 29

in bony fishes 21

in reptiles 50

Unmedullated fibres 367, 370
Uterine tube 180
Vagal cardiac rami 88-9

Vagal fibres
central 159
efferent 40
end bulbs 55
in atrial septum 99
myeline-sheathed 24, 155
parasympathetic 343
Vagal fibre system in amphibia 34
Vagal nerve endings in reptiles 55
Vagal nerve fibre system in bony fishes 18
Vagal nerve supply of heart 88
Vagal sensory system 160
afferent fibres 160
in amphibia 40
in atria of birds 34
Vagal system in fox 141
Vagal trunk in reptiles 55
Vagosympathetic sheath 88, 214-5, 254
Vagotomy 55, 143, 146, 160, 166
bilateral 41
degeneration of nerve cells 41
in amphibia 41

in cat 160

in frog 32, 34, 41

in mammals 159

in reptiles 44-5, 54-5, 64

Vagus 7, 39
and aortic nerve 253
and external carotid artery 306
carotid glomus 326

in amphibia 32, 34, 40-1
in birds 64
in bony fishes 9
in calf 254
in mammals 85-8, 135
Valves 172-3
in birds 74
in bony fishes 7, 12, 15, 17
in mammals 85, 90
medial 115
on ostium arteriosum in bony fishes 8
on ostium atrioventriculare in bony

fishes 8
of arterial trunks 172



SUBJECT

Valve
of lower hollow vein
sinoatrial, in amphibia
valvula Eustachii ss
Valvula Thebesii 8
Valvular endothelium
in amphibia 25
in bony fishes 15
Vanellus vanellus Figs. 41, 44
Van Gieson’s stain 108, 110, 117
Varanus griseus Figs. 27, 35, Plate |
Varicose fibres in reptiles 53
Varix (Varices) 1, 38-9, 50, 53, 64, 74,
146, 153, 155, 215-6, 281, 284, 317,
334, 343
in amphibia
in birds 72
in reptiles 64
on human aortic fibres
Vas afferens 363-4
Vas efferens 363
Vasa afferentia
Vasa vasorum 203, 261
end bulbs 204
in venous sinus 9
of coronary arteries
renal arteries 359
Vascular nerve supply
Vascular reflex 259
Vasoconstrictor nerve
Vasomotor fibres 365
Vater-Pacini type end
204
Vegetative fibres in bony fishes 18
Vegetative ganglia in atrioventricular sys-
tem 107
Vegetative nervous system
in amphibia 30
Veins (see also Vena)
capsular 336
cerebral 372-3
hepatic in bony fishes 7
hollow, upper 81, 85
innervation 201-4, 357
interlobular 364
pulmonary 133
renal 364
sympathetic fibres
Vena cava 165
inferior 349
superior 349
upper 139
Vena cordis magna
innervation 342
Vena coronaria cordis magna Figs. 214-5
Vena pulmonalis Fig. 118
Vena saphena magna 203, Fig.

85
25

37

261

357, 361

349

176
365

apparatus 201,

30, 179. 190

201-4

203

353, Fig. 213

117
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Venous heart in bony fishes 7, 18
Venous sinus 9—1, Fig. 1

in amphibia 23, 31, 41

in birds 64

in mammals 8

in reptiles 43, 45-7
Ventricle

in amphibia 23, 34-7, 41

in bird 703

in bony fishes 7-8, 17-8, 20

in mammals 85, 99—104, 115

in reptiles 43, 51
Ventricular endocardium

in birds 70-4

in cat 105

in mammals 104-5, 119

in reptiles 54
Ventricular epicardium

in birds 71

in bony fishes 17

in mammals 99-100

in reptiles 51-4

in birds 74
Ventricular muscles

in bony fishes 8, 116

sympathetic fibres 107
Ventricular myocardium

in amphibia 36

in birds 71, 82-3

in bony fishes 18

in frog 33

in mammals 102, 105

in reptiles 50, 53
Ventricular septum 73, 115

in birds 74, 80—=2

in mammals 104-5
Ventricular surface 76
Vertebrate, heart, receptor system 36
Vessels in amphibia 23

Vital staining with methylene blue 364,
366

Vitium cordis 311

W ater frog (Rana ridibunda) 22

W ater rail (Rallus aquaticus) 64

W enkebach’s bundle 109

W hite stork (Ciconia alba) 64

W hopper swan (Cygnus olor) 211

Wild duck (Bucephala clangula) 64
Wild goose (Anser albifrons) 276
Wild goose (Anser fabalis) 64
Windhover (Falco tinnunculus) 276

Zenker’s fixing fluid 9
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