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PRODUCTION

Although there is a large measure of agreement about various
aspects of oardiao anatomy, the problem of the architecture of the
ventricular musculature still remains a matter of discussion.

This

muscle problem is an old one as in the middle of the seventeenth
century Stenson (16)0) and bower (1669) first tried to unravel the
ventricular musculature.

During the nineteenth century there was a

considerable controversy regarding the architecture of the ventricles
but the work of Pettigrew (1864) and later that of MaoQallum (1900J,
Mall (1911) and Robb and Robb (1998, 1962) greatly elucidated thia
problem.

There are, however, a number of disagreements in the

findings of those investigators but they are unanimous in their
conclusions that the ventriolea ere composed of several separate
layers of musole.

Recently Lev and Siskins (1969) have denied suoh

a oonespt of musole layers in the ventricular wall and this has once
again etimulatsd Interest in the subject.
The intrinsic nerves of the ventricles have likewise been
frequently investigated.

Most workers on this subject agree about

eertaln aspects of oardiao innervation including the dual source of
supply, the general plea&form arrangement of the bigger nerves but
there is sharp divergence of opihion about the topography of the
intrinsic oardiao nerve cells and the terminal arrangemant of the
oardiao nerves.

There are repeated instances in the literature, of

the different workers, —wining the hearts of the same animals but
employing different methods, reporting findings which bear little
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resemblance to each other.

Xt is probable that the different

interpretations might be due to the different techniques used and
more especially so when the capricious nature of the staining of
nerves is remembered.

Xt appears to the writer that this vexed

problem of autonomic end-formation will only be definitely solved
when a stain is found whioh allows all nerves and nerves alone in
a viscue to be identified.
However, at present, there appears to be two groups of thought
about the ventricular innervation.

There are those on the one hand,

who believe that in the ventricles, the cardiac nerves divide into
finer and finer branches, each of whioh ultimately terminates in an
organised ending whioh lie on the surface or inside the protoplasm of
whatever cell the nerve may be supplying, no matter whether it is a
muscle fibre or a fat cell.
Woollard, 1926;
McMahon, 1947)

(Berkley, 1894)

Nonides, 1939, 1941, 1943)

Mori son, 1926;
King, 1939)

Tcheog, 1951 and Davies et al, 1952) •

Stotler and
On the other

hand there are those who are of the opinion that the ultimate
innervation is through a peripheral nervous network with a number of
nuclei lying in its meshes (Stohr, 1932, 1935)
Reiser, 1934)
1953)

Seto, 1936;

Meyling, 1953)

Akkeringa, 1949)

Boeke, 1932, 1949)
Field, 1951)

Mitchell,

Sato, 1954 and Holmes, 1956, 1957).

The mode

of formation of the network and the nature of the cells found in it
are also much debated.

Some workers think that the cells are either

connective tissue cells or Schwann cells.

(Nonides, 1937, 1939)
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Seto, 1936;

Weddell and Zander, 1951 and Sato, 1954) •

Others hold

the view that these are small nerve cells, an idea which was first
postulated by Cajal who called them "interstitial cells”;
is accepted by Leeuve (1937);

Boeke (1949);

this view

Meyling (1953);

Mitchell (1956) and Hon jin (1956) .
Search of literature reveals that most of the investigations,
both about ventricular muscle and Its innervation, have been carried
out on mammals and rarely on other vertebrates.

The present

investigation embraoes a vide field as an attempt has been made to
study the ventricular architecture and its innervation in the different
classes of vertebrates and it is hoped that a continuation of this
work may ultimately help to throw light on the same problem in the
mammals*
The thesis is devoted in the main to a review of the outgoing
chambers (ventricles and bulbus oordis, if present) of the hearts in
fish, amphibia, reptiles, birds and mammals.

The muscular architecture

and innervation are treated separately in two parts and at the end of
each part there is a discussion on the subject.

The discussion is

based largely on the relevant literature but also, though in much
lesser measure, on my personal findings.

At the beginning of each

part a short review of the previous work is given.
The ventricular architecture differs considerably in various
vertebrates and therefore, observations on it are recorded separately
for each class of animal.

On the other hand the basic pattern of

innervation is found to be similar in the various animals which I have
examined and henoe to avoid repetition of the same findings,
observations on nerve supply in all animals are given in one chapter.
It was my original intention to include in this study a
consideration of the vascular pattern of the ventricles and bulbus
cordis.

Nfy investigations of the musculature and nerves of these

heart chambers have occupied my complete period of study, but it is
ay intention to continue work on the heart, including its
vascularlsatlon, on my return to Assam.

methods

and

materials
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METHODS AND MATERIALS

Hearts of the following adult animals were used;

the number

of hearts of each species examined is noted in brackets.
1.

Mammals:-

(a) Ox,

(Bos taurus)

(b) Sheep,
(c) Pig,

(6).

(Oris aries)

(11).

(Sub domesticus)

(2).

(d) Dog, (Canis familiaris)
(e) Albino rat,

(2) •

(Mus norvegicus albinus)

2.

Aves:-

(a) Domestic fowl, (Gallus domesticus}

3.

Reptiles:- (a) Qreen llsard, (Lacerta viridis)
(b) Grass snake,

(Natrix natrix)

4.

Amphibia:- (a) Frog, (Rana temporaria)

5*

Pisces:-

(a) Cod, (Qadus morrhua)
(b) Haddock,

(8).
(12).

(8).

(6).

(8).

(15) •

(Qadus aeglefinus)

(10).

Among the mammalian hearts those of the ox, sheep and pig were
used for the study of the ventricular muscular architecture whereas in
those of the dog and rat the innervation only was investigated.

In all

the other classes of animals both the musculature and nerves were
studied.
The muscular architecture of the ventricles was studied by the
use of the following methods.
The mammalian and avian fresh hearts were first stuffed with
oatmeal to prevent contraction.

Then in slightly acidulated water,

mammalian hearts were boiled for one to three hours according to the
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size of the heart and birds* hearts were simmered for 15 - 20 minutes.
It was found to be detrimental to boil the hearts for too long a time
as the musole fibres become very soft and fragile.

After boiling,

the epicardium, fat, nerves, blood vessels etc. were removed and the
atria detached from most of the ventricles.

The ventricles were then

preserved In 90% alcohol to harden and this change facilitates the
separation of the muscle layers;

it was found that the large hearts

required 3-4 weeks immersion in alcohol but the smaller hearts needed
only 1-2 weeks.

At the end of the necessary periods, hearts were

dissected with forceps and the blunt end of a scalpel.

The reptilian,

frog and fish hearts were treated in 90% alcohol for a week to 10 days
and then dissected under a binocular mlcrosoope.

In the dissection

of these smaller hearts, it is convenient to use small sharpened wooden
sticks like match sticks and lt was found that after using them for a
while the sharpened end becomes slightly blunt and also serrated which
helps in the separation of the musole fibres.

Two of the smaller hearts

of each species were also stained with 0.05% Benzoquinone after proper
dehydration and cleared in oil of Wintergreen and then the muscle
fibres were traced under a binocular microscope.

A few of these small

hearts were fixed in 1Q% neutral formol saline and carried through to
paraffin and then serial sections, 10 ju thick, were out in both the
sagittal and transverse planes;
and eosin.

these were stained with haematoxylin

A few of the sagittal sections of the fish hearts were also

stained with Krajian elastic tissue stain.

1
For the neurological study, Gros-Schultze technique for frozen
sections and Bodian’s (1937) activated Protargol method for paraffin
sections were used.

All animals except fish vere killed by gas

and

Immediately fixed in 20/ neutral formalin for Gros-Schultze technique
and in 10/ formol saline or in Bodian’s fluid (formol 5 oc., glacial
acetic add 5 cc. and 80/ ethyl alcohol 90 co.) for Bodian’s method.
Small hearts were used entire for sectioning but in the larger hearts
as of the dog and domestic fovl, blocks of tissues vere sectioned.
Sections of 20ju thickness vere cut for Bodian’s method and for GrosSchultze method they vere

40 ja

• 60ja.

Three rat hearts (one adult,

one 37 days and one 17 days old) vere fixed and impregnated in bulk
by Nonidez’s (1939) method and 10ju sections vere out and examined.
The writer had not muoh success with methylene blue technique
as the dye diffused out to other tissues and the vhole ventricles
(even of small animals) did riot become transparent enough to allow
finer nerves to be seen.
The writer further wants to stress the need for rapid and
adequate fixation immediately after the death of the animal as post
mortem changes diminish the silver affinity and consequently it becomes
difficult to ©tain the nervous elements.

MUSCULAR ARCHITECTURE OF THE BULBUS CORDIS
AND THE VENTRICLES OF THE VERTEBRATE HEART

SHORT REVIEW OF THE LITERATURE ON
THE VENTRICULAR MUSCULAR ARCHITECTURE
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SHORT REVIEW OF THE LITERATURE ON THE VENTRICULAR MUSCULAR ARCHITECTURE

Stenson (1630) investigated the musculature of the mammalian
ventricles and noted that the superficial fibres descend to the apex
where they become deep and then ascend in the deepest part of the
myocardium.

He also noted that the apex is star-shaped and dosed

by only serous membranes.

Lower (1669) noted the formation of loops

with both ends attached to the fibrous rings at the base of the
ventricles.

Winslow (1711) described the ventricles as "two (muscular)

bags contained in a third”.

Senao (1740) first recognised the spiral

arrangement of the ventricular muscle fibres.

Wolff (1780) claimed

that there is also a band of superficial longitudinal muscle fibres,
which was additional to anything described up to that time.
The next important observation was made by Gerdy (1823) who
first described the "figure of eight" course of the ventricular musde
fibres.

He also noted the existence of the interventricular muscle

layer which forms the septal wall of the right ventricle.

This layer

extends caudally towards the inner surface of the diaphragmatlo wall
of the left ventrlole and finally terminates in the base of this
ventricle.

Weber (1831) noted the circular arrangement of some of

the musde fibres of the left ventrlde.
In 1864, Pettigrew after dissecting a large number of hearts,
recorded the gradual change in the obliquity of the ventricular muscle
fibres in the mammalian and avian hearts and on that basis he divided
the ventricular wall into seven layers, three external, one middle and
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three internal.

The internal layers are described as being continuous

at the apex with the external layers.

Pettigrew numbered the layers

from the epicardial surface to the endocardial as 1 to 7, and shoved
that, at the apex, layer 1 was continuous with layer 7/ 2 with 6, and
3 with 5*

Khrel (1891) first described the conus tendon and also

stated that the circular layer (which he described as cylindrical)
of the left ventricle is not attached to the fibrous ring at the
ventricular base.
MacCallum (1900) unrolled the ventricles of pig into a scroll
and demonstrated that when the superficial layer is removed, the
deep muscle layers are seen to wind round the walls of both ventricles.
Mall (1911) amplified the work of MacCallum and tried to put the subject
of the arrangement of the ventricular muscle on a comprehensive basis.
He classified the muscle layers according to their origin as *bulbospiraln
and "sinospiral" groups.

In 1912 he studied the development of the

ventricular muscle layers.
Shaner in 1923, dissected the hearts of fish, amphibia, reptiles
and birds which formed the basis for a short comparative study of the
ventricular muscle.

In 1924 he studied the ventricular architecture

of the alligator’s heart and noted its close resemblance to that of the
higher vertebrates and in 1928 he investigated the development of the
muscular architecture of the ventricles of the pig’s heart.

As far

as I am avers, Pettigrew and Shaner are the only two workers who have
published accounts of the ventricular musculature of animals other
than mammals.
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Flett (1928) investigated the muscular architecture of the
human heart and made an effort to correlate function with structure.
Walmsley (1929) suggested that the spiral arrangement of the ventricular
muscle fibres is the result of torsion of the ventricular loop in course
of development.

Walmsley (1938) In his observations on the vascular

system of female finback states that each ventricular system of myocardium
is complete in Itself and consists of a central layer of circular fibres
and superficial and deep layers of oblique and longitudinal fibres.
Robb and Robb (1938 and 1942) after studying the mammalian
ventricles observed that they are composed of several separate layers,
each of which subserves a separate function and furthermore has its own
blood supply.

Davies and Francis (1941) studied the heart of salamander

with special reference to its conducting system and found that no
specialised conducting system is present in this animal.

The muscle

of all the chambers of the heart forms a continuum and shows the same
histological features.

They also observed that the muscle fibres in

all the chambers, are arranged in a thin superficial circular layer
and in a "basket work" fashion in the rest of the myocardium but in
the Junctional areas they are arranged circularly.
Lev and Simkins (1949) disagreed with this concept of there being
a number of muscle layers in the ventricular wall.

They are of the

opinion that the ventricular myocardium consists of one muscular syncytium,
made up of fibres arranged in fasciculi of various sizes.

However,

they have recognised three depths of fasciculi, epicardial, middle and

11 *•

endocardial, without connotation that any connective tissue cleavage
planes separate the syncytium into laminae.

Brandt (1953) studied

the structure and functions of the Infundibulo-ventricular crest of
the human heart and described it as a separate muscle with its origin
and insertion.

I

OBSERVATIONS

* 12

OBSERVATIONS

ftrnanX Rm>rtrBefore describing the muscular architectural pattern of the
ventricles of various vertebrate hearts, it is considered worth-while
to emphasise that the myocardium consists of one muscular syncytium
and that the muscle layers which are to be described are, therefore,
not really* to be regarded as discrete layers with complete connective
I

,

»

tissue planes separating them as is found between two somatic muscles*
The layers have always been found to be in constant communication
with one another by branches, both macroscopic and miorosoopic.
Likewise, it has been found that within each layer the constituting
fibres anastomose freely with one another.

But nevertheless, it

is considered Justifiable to recognise a laminar structure in the
ventricles for it has repeatedly been observed by other workers and
also by the candidate that a number of musole fibres take a definite
course in the ventricular wall and these groups of fibres, especially
in the larger hearts, can be separated with relative ease by a method
of gross dissection.

Moreover, even in tiny hearts where gross

dissection cannot be done successfully, cleared specimens show the
same fibre arrangement as in the larger hearts.

Suoh groups of

fibres which pass in one particular direction is described in the
present investigation, as a musole layer.
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Ventricles of (a) God (CUPPS MQRRHOA).
(b) Haddock (GADUS AEGLEPINUS).

The heart of a cod or a haddock, like other teleostian fish,
has a conical outlet from the ventricle which is termed the "bulbus
arteriosus".

There appears to be some controversy about the nomen:

solature of this region of the heart.

Different authors have given

different names to it, e.g. bulbus cordis, bulbus arteriosus and
conus arteriosus.

It is, therefore, considered desirable at this

stage to choose an appropriate name for this part of the heart.
That part of the adult heart which is developed from the embryonic
anterior chamber or bulbus cordis and remains as a separate chamber
in the adult, with typical cardiac muscle covering it, should be
called bulbus cordis.

Thus bulbus cordis is found in the Chondrlohthyes

or cartilaginous fish like skate, shark, etc. and in the Amphibia like
frog and toad.

The designation of bulbus arteriosus should be used

to refer to the cranial chamber of an adult heart in which there is no
cardiac muscle and which does not apparently develop from the embryonic
bulbus cordis but from the backward overgrowth of the truncus arteriosus.
Thus, truly speaking, it is not a part of the heart but a part of the
aorta.

The cranial chamber of the heart of the cod and haddock (and

so also of other teleostian fish) does not contain cardiac muscle fibres,
instead it is composed of plain muscle and a large amount of elastic
tissue (Plg.l).

This part of the teleostian heart, therefore, is

designated as bulbus arteriosus.

Fig.l.

A sagittal section of the haddock's ventricle*
Note that the
bulbus arteriosus is composed predominantly of elastic tissue
(intensely black) and contains no cardiac muscle fibre.
(Krajian)

X 6

Gir . L.

A.7.F.

Fig.2.

Drawing from a dissection of the cod ventricle shoving the fibre
arrangement of the superficial circular muscle layer.
Viewed from the right side*
X approx. 4

u

The ventricle of the teleostian fish consists of a superficial
circular layer, deep to which there lies the trabeoulated muscle which
forms almost the entire thickness of the ventricular wall.
The fibres of the superficial layer (Flg.2) are in general,
disposed in a circular but intricate manner.

Each fibre of this layer

passes superficially to the surface from the deeper muscular network
and, after a variable transverse course on the surface, dips again
to be continuous with the fibres of the same network from whioh it
has originally arisen.

Figs. 3 and 4 show how the fibres of the

deeper trabeculae are passing to the surface to become the fibres of
the superficial layer.

The fibres of this layer, therefore, cannot

easily be Isolated on account of their connexion with the deeper
muscular trabeculae.

Any attempt to separate this layer from the

rest of the ventricular wall leaves the surface rough and shaggy as
the fibres are broken in the course of dissection.

Benzoquinone

stained cleared specimens showed clearly the orientation of the fibres.
On account of their relatively short course on the surface, the
superficial muscle layer of the cod or haddock ventricle le composed of
transverse fibres whioh have an apparently segmented appearance.
This layer is thin.
The rest of the ventricular wall is a closely woven muscular
network, in which there are numerous blood spaces whioh communicate
with the ventricular cavity.

The fibres on the inner surfaoe of the

ventricle have the semblance of an inner layer whioh in the cod (Fig.5)
is composed of apparently circular fibres but in the haddock (Fig.6) of

A. • y • v «

Fig.3.

A transverse section of the haddock’s ventricle.
Shows that the
fibres of the inner trabeculae pass to the surface to form the
superficial circular muscle layer.
(E.H.)
X 10

Fig.4.

Higher magnification of the enclosed portion of Fig.3.
Shows that
the superficial circular muscle layer lies immediately beneath
the epicardium.
(E.H.)
X 110

• 15 -

longitudinal fibres.

Around the A.V. opening the ventricular wall is

slightly invaginated and in this region the superficial layer becomes
continuous with the inner muscular network as well as with the ventral
end of the structure which has been designated the "A.V. funnel"
(Figs. 3 and 5).

The A.V. funnel is a cone-shaped prolongation of

the atrial musculature through A.V. opening into the ventricle.
The funnel passes dorso-ventrally on its way from atrium to ventricle
and at its ventral end its fibres are continuous with those of the
ventricular muscular network as well as with those of the invaginated
ventricular wall.

These connecting fibres encircle the A.V. orifice

and establish a muscular connexion between the atrium and the ventricle
whose two musculatures are, therefore, to be regarded as continuous
with each other.

The fibres of the muscular network do not appear

to be arranged in any definite pattern as they run in all directions
with the exception of those whioh pass circularly around the A.V.
opening.

,

Pig.5.

Drawing of the aid-sagittal section of the cod heart showing the
fibre disposition of the inner layer of the ventricle and the
continuity of the k - V funnel with the invaginated ventricular
wall.

Pig.6.

Drawing of the mid-sagittal section of the haddock’s heart showing
the fibre disposition of the inner layer of the ventricle and the
continuity of the A - V funnel with the invaginated ventricular
wall.
X approx. 4
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Ventricle of the common British frog,

(RABA TEHPORARXA)

The ventricular musculature of the frog’s heart consists of a
thin superficial circular layer and a dense inner muscular trabecular
network.

The superficial circular layer (Pig.7) lies immediately

deep to the epicardium.

It is very similar in appearance and in

fibre arrangement to the superficial circular layer of the fish
ventricle.

This layer is extremely thin and can not be separated

cleanly by dissection from the rest of the ventricular musculature.
But its fibre arrangement could be beautifully seen under the
binocular microscope especially in cleared specimens after staining
with Benzo quinone.

This layer is formed by the fibres which come to

the surface from the deeper trabecular network and pass transversely
for some distance on the outer surface of the ventricle before they
pass back to the depth where they again become continuous with the
fibres of the inner trabeculae.

The fibres of this layer as seen on

the superficial surface of the heart are, therefor®, apparently
segmented.

The apparent segmentation of the fibres of this layer

was beautifully seen in cleared spedmens as veil as in microscopic
sections.
The main thickness of the ventricle of the frog is constituted
by the inner trabeculae which, similar to the fish, are composed of a
meahwork of muscle strands (Mg. 8).

Near the A.V. opening they join

the caudal margin of the A.V. funnel which is a cone-shaped extension
of the atrial muscle into the ventricle.

Around the A.V. junction

Ao .arch Rt

Ao. ar ch Lt
V.Ao.

B.C.

Fig.7.

Drawing from a cleared specimen of the frog heart, shoving the
fibre arrangement of the superficial muscle layer of the ventricle
and bulbus oordis.
Ventral view.
X approx. 8

Fig.8.

Drawing of the interior of the frog’s ventricle showing the
trabecular network.
Continuity of the A - V funnel with the
trabeculae is dearly seen.
X approx. 8
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the base of the ventricle is invaginated and there the invaginated
portion of the ventricular wall becomes continuous with both the oaudal
margin of the A.V. funnel and also with the ventricular trabecular
network.

Although there is thia continuity between the musculatures

of the atria and the ventricle, there is, nevertheless, a deep atrio
ventricular sulcus on the superficial aspect of the heart and this is
shown in Fig. 8.
Towards the apex of the ventricle the inner trabeculae divide
and subdivide and the finer divisions interdigitate with one another
in such a manner that a dense muscular meahwork is formed (Fig. 8).
All around the ventricular wall fibres of the trabecular network come
out to the surface and form the superficial circular layer already
described.

Although the trabeculae form a dense irregular meshwork,

and especially so close to the apex, it was found that as the basal
region of the ventricle was approached the fasciculi beoame arranged
somewhat longitudinally and as already described, were continuous with
the AV. funnel and the invaginated ventricular base.

It appears,

therefore, that the muscle fibres of the trabeculae in the frog are
more organised than those in the fish, in which they are rather
haphazardly arranged.
The bulbus cordis of the frog heart is a twisted somewhat
cylindrical chamber (Fig. 9) which arises from the right upper part of
the ventricle.

From its origin it bends slightly to the left and

then passes upwards.

In the upper end, it becomes continuous dor sally

with the short ventral aorta.

The ventral aorta divides into a right

Fig.9.

Reconstruction of the bulbus cordis of the frog's heart, viewed
from the right side.
The bulbus has the typioal form and the
short ventral aorta is seen emerging from the cranial end of its
dorsal surface*
The left aortic arch is hidden by the right arch.

X 17

Fig. 10.

Microphotograph of a transverse section of the bulbus at a level
shown in Fig.9*
Note the typical cardiac muscle covering of
the bulbus cordis.
(S.H.)
X 35
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and a left aortic arch, each of which in turn gives rise to the three
main arteries for each half of the body.

The ventral wall of the

bulbus oordis is longer than its dorsal wall, as a result of which
the bulbo-aortic junction looks backwards and slightly downwards.
The bulbus cordis of the frog is contractile and is covered
with a compact layer of cardiac muscle, the fibres of which are
arranged in a circular manner (Fig. 10).
Around the bulbo-ventricular junction the ventricular base is
slightly invaginated by the bulbus cordis so that in this site it is
the distal chamber which invaginates the proximal and not vice versa,
as at the A.V. junction.

At the caudal margin of the invagination,

the musculature of the two chambers has been verified microscopically
to be continuous.

The continuity is established by longitudinal

strands of muscle fibres of the ventricular trabeculae which, passing
cranially to the bulbus, become continuous with its circular muscle
fibres.
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Ventricle of the green lizard, (UGERTA VIRIDIS)
Similar to the two monoventricular hearts already described,
ventricle^) of the lizard consists of a thin superficial layer and
dense inner muscular trabeculae.

The superficial layer lies

Immediately deep to the epioardium and its fibres are arranged almost
circularly although there is a alight but definite spiral twist towards
the left.

This spiral arrangement is well marked in the cranial two

thirds of the ventral surface.

On this surface the fibres of the

superficial layer arise from the ventral margin of the A.V. opening
and the roots of the great vessels (Fig. 11) and winding round the
left margin of the ventricle reach the oaudal part of its dorsal surface.
On the dorsal surface the fibres of the superficial layer arise from
the left and dorsal margin of the A.V. opening and spreading over the
surface with a slight anti-clockwise twist, wind round the right
margin to reach the caudal part of the ventral surface.

The superficial

fibres on the cranial parts of both dorsal and ventral surfaces arise
from the basal structures of their own surfaces whereas the superficial
fibres on the caudal parts of both ventral and dorsal surfaces arise
from the basal structures of the opposite surfaces.

The superficial

fibres terminate at varying distances from their origin by passing
into the depth and joining the inner trabeculae.

Fibres of this layer,

on the dorsal surface of the ventricle, are more transversely disposed
than those on the ventral surface and some fibres near the apex

Pig.11.

Ventral view of the lizard’s ventricle, dr«
cleared specimen.
The superficial muscle fibres
with alight spiral inclination to the
X approx. _

Vent.

Sent,

Vent.Tr <

Fig. 12.

Interior of the lizard’s ventricle, opened from the dorsal surface,
showing the inner trabeculae and the incomplete ventricular
septum.
X approx. 8

20

appeared to be arranged almost vertically on the ventral surface.
Beneath the superficial layer there is the dense muscular
trabeculae which constitute tlxe major part of the ventricular wall.
In the basal portion of the ventriole(s) they are arranged along its
long axis (Pig. 12).

These trabeculae in the lizard are more numerous

and better developed than those in the frog.

They are attached

cranially to the invaginated ventricular base around the A.V. opening
and also to the margin of the A.V. funnel and A.V. valves.

Caudally

towards the apex they divide, sub-divide and interdigitate to form a
dose network.
The ventriole(s)of the lizard is incompletely divided into a
right and a left half by a septum, the cranial margin of which is
concave and free (Fig.12) and leaves a passage over it, through which
the two halves of the ventricle communicate.

The ventricular septum

appears to be formed by the fusion of the trabeculae and most of its
fibres are arranged longitudinally.

There is no bulbus cordis in the

reptilian heart because the embryonic bulbus is divided and forms the
proximal parts of the three main arteries which arise from the ventricle.

Voatrlcle of the mas anake.

(MATRIX NATRIX)

The shape of the heart of the grass smk© is elongated which
might be considered ae being in accordance with its long slender body
and it is orientated so that its long axis is approximately in the long
axis of the animal.
The ventricular wall of the grass snake heart has two distinct layers

Iu"t .Ao*

Fig. 13.

Ventral view of the superficial longitudinal muscle layer of the
snake ventricle.
Note that the fibres of this layer are
arranged in two strata dose to the apex;
they cross one another
approximately at right angles.
X approx. 6

D.

V./Z.

Fig. 14.

Microphotograph of a transverse section of the snake ventricle
showing the different thicknesses of its ventral and dorsal wall.
(E.H.)

X15
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which, on di os action, are easily separated from each other.

The

superficial layer is formed by loops of longitudinal fibres which on
the ventral surface have cranial attachments to the roots of the
pulmonary artery and the left aorta and to the ventral and right margin
of the A.V* opening (Fig.13).

From this extensive cranial attachment,

fibres pass caudally and slightly to the left in the ventral wall of
the ventride(s) and turn round the apex of the heart to reach the
dorsal surface where they are attached to the root of the right aorta
and the dorsal and left margin of the A.V. opening.

Fibres on the

left aide, on their way back to the base, form loops around the
cranial end of the left half of the ventricle (s) •

Although the

superficial longitudinal fibres of the ventricle (s) of the snake run
parallel to one another and lie in the same plane over the greater
extent of the ventricle(e), there is a region adjacent to the apex,
where these fibres form superficial and deep strata)

these strata

cross each other In the region of the apex approximately at right
angles (Fig. 13).

Fibres coming from the ventral and right margin of

the A.V. opening form the deep stratum and pass deep to the fibres
coming from the arterial roots, which thus forms the superficial
stratum.

The superficial longitudinal layer varies In thickness In

different parts of the ventricular wall, being approximately three
times thicker on the ventral wall than on the dorsal.

The fibres are

also more compactly arranged in the ventral wall than In the dorsal
where the layer Is not only thin but also loose In texture)

the

superficial fibres of the dorsal wall are separated from one another

Long .L

’’Vent .Tr
* 6

A.

1
Fig.15.

Higher magnification of the enclosed area of the dorsal vail as
shown in Fig.14*
Note that the superficial muscle layer is
incomplete in the left extremity of the photograph.
(B.H.)

»

Fig.16.

m

X 50

Vent.Tr

Higher magnification of the enclosed area of the ventral vail as
shown in Fig.14.
(B.H.)
X 50
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and through the gaps fibres of the deeper layer come in contact with
the epioardium.

Transverse microscopic sections show dearly the

different thicknesses of the superficial layer in the two walls and
also the incompleteness of the layer in the dorsal wall (Tigs. 14, 15
and 16).
Immediately below the superficial longitudinal layer lies the
second layer of the ventricular wall and its fibres are arranged
circularly with a alight but definite spiral disposition (Pigs. 17 and 18).
Fibres of this second layer, like those of the circular layer of the
other iohthyopsidan ventricle, are not continuous all around the
ventricular wall but are formed of segments of fibres which come to
the surface ftom the deeper trabeculae and traverse a variable distance
in a circular manner and return to the depth where they are again
continuous with the trabecular network.

Because of this disposition

of the fibres this layer cannot be dissected ’dth ease like the
superficial longitudinal layer.

Segmented appearance of the fibres

of this layer was dearly visible in the stained deared specimens.
Transverse microsoopic sections (Figs. 14 * 16) show dipping in of
the fibres and their continuation with the inner trabecular network.
On the ventral surface, fibres of the circular layer flow from the
right to the left with a slight spiral inclination caudally (Pig. 17) •
Fibres on the dorsal surface take a similar course but in the opposite
direction (Pig.18).
slightly invaginated.

Around the A.V. orifice the ventricular base le
The caudal margin of the invagination is

continuous with the oaudal margin of the A.V. funnel and also with

Lt .Ao.

Kt .Ao

Fig. 17.

Drawing from a dissection of the grass snake heart showing the
fibre arrangement of the seoond layer on the ventral surface
of the ventriole.
The spiral disposition of its fibres is
clearly seen.
X approx. 6

Fig. 18.

Arrangement of the muscle fibres of the second layer on the
dorsal surface of the ventricle of the grass snake.
X approx. 6
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the Inner trabecular network.

The circular layer, similar to the

longitudinal layer, is also thicker in the ventral wall than in the
dorsal (Figs. 15 and 16).

The spiral character of the fibres of

this second layer of the snake ventricle(s) is more marked than that
of the fibres of the circular layer of the lacertilan ventricle(a).
The interior of the ventricle(s) is covered with muscular
trabeculae, the majority of which are arranged along the long axis
of the ventricle(s).

This regular arranga^ent of the trabeculae is

better seen in the basal half of the ventricle(s) where, adjacent to
the A.V. opening, they become continuous with the caudal margin of
the A.V. funnel.

Towards the apex of the ventricle(s) trabeculae

form a dense muscular meshwork.

It is the fibres of these trabeculae

which penetrate to the surface and help to form the circular layer
already described.
The ophidian ventricle(s), similar to that of the lizard, is
partially divided by an incomplete septum, and again the cranial margin
is free and concave and over which the two halves of the ventricle
freely communicate with each other.

The muscle fibres of the septum

are arranged longitudinally and are continuous in the apical region
with the trabecular network.

The right half of the ventricle is

further subdivided into a larger ventral and right part and a smaller
dorsal and left part by a second small incomplete septum which apparently
is a prolongation into the cavity, of the septum which separates the
root of the pulmonary artery from that of the left aorta
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As the muscle layers of the avian ventricles are arranged In
a manner very similar to that found In the mammalian heart, the same
terminology as used by Mall (1911) In his description of the
mammalian ventricular muscle layers, is therefore used in the present
investigation in the bird.

The name of one layer, the longitudinal

muscle of the right ventricle is, however, changed to longitudinal
layer of the ventricular septum as the latter term gives a clearer
idea of its situation in the ventricular vail.
For the convenience of description, the muscle layers of the
avian ventricles may be classified on the topographical basis of their
origin into the following groupss-

1. aatofiplral grew
(a) Superficial bulbospiral layer.
(b) Deep bulbospiral layer.
(o) Longitudinal layer of the ventricular septum.
(d) Circular layer of the left ventricle.
2.
(e) Superficial sinospiral layer.
(f) Deep sinospiral layer.
All the ventricular muscle layers are attached to the fibro
cartilaginous skeleton of the heart, and a complete view of this may
be obtained, when the epioardium fat, blood vessels and nerves are
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removed and the atria are detached from the ventricles (Fig. 19).
The fibrocartilaginous skeleton consists of the following:(1) Trlgonum

fihroaum deoctrum:-

The right trigone Is a ma as

of fibrous tissue situated between the two A.V* openings and behind
the root of the aorta (Pig.19).

It is somewhat triangular in shape

having its base towards the aortic root with which it is continuous.
Its apex is directed dorsally and is continuous with the left annulus
flbrosus.

A part of the right margin of the trigone is continued

into the right annulus flbrosus.
(11) Trlgonum

flhroaum alnlatrum-- The left trigone la a almllar

but smaller triangular fibrous mass, situated at the left side of the
aorta.

Its base is at the aortic root and the apex is continuous

with the left annulus flbrosus.
(ill) Annuli fibroid

These are two fibrous rings surrounding the

A.V. openings and these have different consistencies In different parts.
Sometimes they are fibrocartilaginous close to the trigona but in the
rest of the circumference they are fibrous and thin.
(iv) Conus tendon:-

This is a fibrous band (Pig.19) which

connects the roots of the pulmonary artery and the aorta and extends
forwards and to the left from the aorta to the pulmonary artery.
(▼) Fibrous ring, of the arterial rootsi-

These are two

fibrous rings which endrole the aorta and the pulmonary artery at
their origins from the ventricles.

Infund

T.F.D.

Fig. 19«

A view of the oardlac skeleton of the fowl heart as seen after
removal of the atria and the great vessels.
It is to be noted
that in the bird, as in mammals, the aortic valve is at a lover
level than that of the pulmonary artery and for this reason the
infundibulum was out across in the specimen from vhich the
drawing was made.
X approx. 2J-

P .H .V*,

Fig.20.

A view of the arrangement of the muscle fibres at the apex of
the fowl heart shoving the anterior and the posterior horns of
the vortex.
X approx. 10
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When the epioardium, fat, blood vessels etc. are removed from
the ventricles

-

both superficial muscle layers come under view.

aimrfjnUl bulbospiral lavar (Figs.21 & 22) t-

fibres of

the superficial bulbospiral layer are attached to the conus tendon,
pulmonary root, trigonum sinistrum, ventral and left parts of the
left annulus fihrosus.

Minor variations of this attachment were

observed in different specimens.

In one heart it did not extend

to the conus tendon while in another the attachment extended to the
entire dorsal margin of the left annulus.

From this extehsive origin

the fibres pass caudally and to the left in an anti-clockwise fashion
and converge towards the apex to form the posterior horn of the vortex,
in which the fibres are aggregated into a thicker but narrower band.
At the apex of the heart, fibres turn upon themselves and enter the
interior of the left ventricle whence they ascend eranially and spread
out in the inner surface of its posterior wall and are ultimately
inserted into the posterior and medial margins of the left annulus.
Inside the left ventricle they also help to form the small posterior
papillary muscle.

The continuation of the superficial bulbospiral

layer on the inner surface of the posterior wall of the left ventricle
may clearly be seen when that ventricle le opened out.

Thus it appears

that the fibres of this layer descend on the outer surface of one wall
of the ventricle and ascend on the inner surface of the opposite wall
and furthermore they describe an open figure of eight (8) in their
course from the origin to the insertion.

This layer is thin and the

fibres are almost longitudinally arranged and can be separated easily

Fig.21.

k view of the sternocostal (ventral) surface of the fowl
ventricles showing the disposition of the muscle fibres of
the superficial layers.
X approx. 2JP.A,

Lt .A.V.O.

Fig.22.

Kt .A.V.O.

Diaphragmatic (dorsal) surface of the fowl ventricles showing
the fibre arrangement of the superficial layers.
X approx. 2£

XI
the deeper layers by ordinary dissection.
Simapflnl^l

alnoBDlral lavar (Figs.21 & 22) I-

This layer

takes its origin from all round the right annulus fibrosus, trigonum
dextrum and a small part of the posterior margin of the left annulus.
Prom this attachment fibres pass oaudally and to the right and after
winding round the right border of the heart, they gain the ventral
(sternocostal) surface where the fibres are aggregated adjacent to the
apex and form the anterior horn of the vortex and turn upon themselves
to gain the inner surface of the left ventricular wall.

Inside the

ventricle fibres ascend subendocardially in its anterior and the left
walls and are finally inserted into the left trigone
part of the left annulus.

and the adjacent

They also help to form the anterior

papillary muscle of that ventricle.

This layer, similar to the

superficial bulbospiral layer, is thin and its fibres likewise describe
an open figure of eight (8).
Some of the fibres of both superficial bulbospiral layer and
superficial sinospiral layer, while crossing over the ventral and
dorsal interventricular grooves, penetrate through these grooves and
gain the ventricular septum.

These perforating fibres are more

numerous in the ventral than in the dorsal groove.

An experience of

this was the greater difficulty encountered in separating the superficial
layers from the deeper layers in the ventral groove.

As the fibres

of both superficial layers lie in the same plane on the ventricular
wall and are arranged almost longitudinally, it is difficult to
determine the lines of demarcation between the two layers and especially
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In the basal region;

these lines oan, however, be easily determined

if the two horns of the vortex are followed from the apex to the base.
Fig.20 shows the orientation of the fibres in the two horns of the
vortex, which belongs only to the left ventricle.

There is no vortex

in the right ventricle.
Deop TMlboapiral layer (Fig.23)«-

Fibree of this layer aria,

from an area of the ventricular base corresponding to the origin of
the superficial bulbospiral layer but situated in a deeper plane.
Its fibres are coarser and more fascicular In appearance, more
transverse and markedly spiral in disposition than those of the
superficial layers.

From this attachment the fibres pass caudally

and to the left and winding round the left margin of the heart, reach
the caudal half of the dorsal (diaphragmatic) surface where eome
fibres penetrate deep into the ventricular wall through the dorsal
interventricular groove.
the ventral surface.

The majority of the fibres, however, reach

1 few fibres on this surface also pierce the

ventral interventricular groove to ascend in the opposite direction in
the ventral wall of the right ventricle and the ventricular septum to
be attached to the anterior and right margin of the right annulus
fibrosus.

The remainder of the fibres cross the ventral interventricular

groove to reach the left ventricle, where they blend with the fibres
of the longitudinal layer of the ventricular septum, which will be
described later, and are inserted on the endocardial surface of the
left ventricle along with them.

The deep bulbospiral layer is, in

some places, firmly adherent to the deeper circular layer of the left

P^A.

V.I.V.G.

Fig.23.

A view of the sternocostal surface of the fowl ventricles, aft
reflection of the superficial muscle layers.
It is to be not
that most of the fibres of the deep sino spiral layer penetrate
through the ventral interventricular groove.
X approx. 2£
Ao«
\

P.A.
/
' iXXL

Kt.A.V.V.

s.s

Fig.24.

Dorsal (diaphragmatic) surface of the fowl heart after refleeting
a part of the superficial layers.
Note that the fibres of the
deep sinospiral layer form the right A.V. valve.
X approx. 2$-
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ventricle making reparation of the two layers difficult.

Those

filjree of this layer, which take origin from the right half of the
conus tendon fora loops over the infundibulum and return back to the
left half of the oonus tendon and the left trigonum flbeoeum (Pig.23).

Dobd alnoanlntl Imtat (M«8- 23, 24 * 23)t-

This layer whioh

le dollar to the previous one, le attached to an area corresponding
to the origin of the euperflolal sinospiral layer hut on a deeper
plane.

Fibres from this origin pass oaudally and to the right and

after winding round the right border of the heart reach the ventral
(sternocostal) surface of the right ventricle.

Xn the ventral

interventricular groove, most of the fibres penetrate deep Into the
ventricular wall and ascend In the ventricular septum and In the
deeper surface of the ventral wall of the right ventricle, to he
finally attached to the right annulus fibrosus and the pulmonary root.
Only a few superficial fibres of this layer cross the ventral Inters
:ventricular groove and passing to the left ventricle there blend with
the fibres of the longitudinal layer of the ventricular septum end
are Inserted along with them.

Throughout the course of this layer,

fibres constantly pass Into the deeper surface of the ventricular wall
whence they ascent towards the right annulus.

Some deeper fibres of

this layer originating from the trigonum dextran, encircle the right
A.T. opening and ere attached ventrally to the eonhs tendon.

This

group of fibres of the deep sinospiral layer constitutes the muscular
right atrioventricular wive, a structure peculiar to the avian heart
(Fig. 24)»

This band of fibres becomes very evident when an attempt

P.A
Kt.A.V.V.
Lt .A.V.O.
L.V.S.—

• B. o
av .Rt .V.

o •
ft
-b> • O

Fig.25.

Ihe same view as in Fig.24, after the right A.V. valve has been
cut.
This permits further unrolling of the deep sinospiral
layer and the complete cavity of the right ventricle is now
exposed and the origin of the L.V.S. is seen in the upper part
of the septum.
X approx. 2J-

Fig.26.

A view of the circular layer of the left ventricle of the fowl
heart.
Ventricles have been cut and unrolled from the dorsal
aspect.
X approx,
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is made to separate the deep sinospiral layer from the deeper layers
along an Incision on the dorsal surface of the left ventricle close
to its left border (Fig.24)•

Further separation of the layer is,

however, prevented by the band of fibres going to the right A.V. valve.
When this band is cut, further unrolling is then possible and the
oavity of the right ventricle is fully exposed (Fig.25b
Longitudinal layer of the ventricular septum (L.R.V. of Mall, 1911)
(Figs.25 and 26)
This layer along with some of the ascending fibres of the deep sinospiral
layer form the septal wall of the right ventricle.

Its fibres have

origin from the trlgonum dextrum and the front and right side of the
aortic root from which they pass spirally along the ventricular septum
towards the apex of the heart.

They gain the ventral (sternocostal)

surface of the left ventriole through the ventral interventricular
groove where they merge with the fibres of the deep bulboepiral layer
and with them enter into the substance of the wall of the left ventricle
through the posterior horn of the vortex;

in the terminal pert of

their course they lie deeply in the substance of the wall.

Ae they

lie in the deep substance of the wall, they ascend in the opposite
direction in the dorsal and left walls of the left ventriole and are
finally inserted into the left annulus and the left trigone.
ftkraflar lraar

fch* JLtgfc Tsatrials (Fig.26)1-

layer and the fibres are circularly disposed.

This is a thick

The layer is confined

to the left ventriole and occupies approximately half of its length
from base to apex.

It is situated deep to the origins of the other

layers and becomes visible when the right ventriole is unrolled away
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from the left ventricle by an incision along the dorsal interventricular
groove and the longitudinal layer of the ventricular septum is also
peeled avmy along with the right ventricle (Pig.26).

The lower

margin of the circular layer io well defined, deep to which the fibres
of all superficial layers may be seen gaining the deeper surface of
the left ventricular wall.

Fibres of this circular layer are attached

to the whole circumference of the left annulus and pass almost
horizontally in an anti-clockwise manner.

In their course in the

ventricular wall, the superficial fibres of this layer, turn upon
themselves to become deep fibres of the layer and are inserted to
the same left annulus fibrosus.

This layer is the thickest of all

layers and its fibres are coarser and fascicular.

When this layer

is severed, the whole left ventricle oan be opened cut like a flat
sheet of musole.
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MAMMALS
Ventricles of the

(a) Ox,

(BOS TAURUS).

(b) Sheep, (OVIS ARISS).
(o) Mg, (3US D0MB3TICUS).
The muscular architecture of the mammalian ventricles, except
for the minor difference in the orientation of some fibres of the
deep sinospiral layer, resembles so closely that of the avian
ventricles that the same description of the fibre disposition of the
various muscle layers as given for the ventricles of the domestic
fowl is equally applicable to all the mammalian ventricles examined
in the present investigation.

Figures 27-37 are the photographs

and schematic drawings of the various muscle layers of the sheep’s
ventricles which are presented here as the representatives of the
mammalian ventricles.
The cardiac skeleton to whioh the various ventricular muscle
layers are attached, is likewise very similar in many respects to
that of the avian heart.

The cartilaginous element, however, is

greater in the cardiac skeleton of the mammal

than in that of the

birds examined.
Xn the mammalian ventricles the deeper cranial fibres of the
deep sinospiral layer which take origin from the trigonum dextrum and
the adjacent part of the left annulus are almost transversely arranged
(Fig.33) and constitute a closely aggregated bundle.

This bundle,

instead of passing through the right A.V. valve as in the bird, courses
forward in the right ventricular wall encircling the right A.V. orifice

P.A.

Fig.27.

Photograph of the sternocostal surface of the sheep heart
showing the fibre arrangement of the superficial muscle layers
of the ventricles*
X approx. £

P.A

Rt .A.V .0 •

Lt .A.V.O.

Kt.Venti

Lt .Vent .

P.P.k.

Fig.28.

A schematic representation of the complete course of the superficial
bulbospiral layer of the sheep heart.
(Dorsal view)
I approx, normal size

P.A.

Lt .A.V.O.

Lt.Vent •

Rt .A.V.O.

Rt.Vent •

A • P . jyr.

Fig.29*

A schematic representation of the complete course of the superficial
sinospiral layer of the sheep heart. (Dorsal view)
X approx, normal size
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and terminates ventrully in the oonus tendon and also into the right
aide of the aortic root.

This transverse bundle of fibres of the

deep sinospiral layer, when viewed from the interior of the right
ventricle nay clearly be seen even with the endocardium

situ, as

a prominent slightly raised structure around the right A.V. opening
(Fig. 34-)*

This bundle of fibres of the deep sinospiral layer forms

the posterior crus of the Infundibulo-ventricular crest.

It may be

mentioned in this connection that unlike the avian right A.V. orifice
vhich is guarded by a single muscular cusp, the corresponding opening
in the mammal is guarded by a tricuspid valve;

the cusps of this

tricuspid valve contain only a few muscle fibres vhich are confined
approximately in the basal one fourth of the cusps.

These muscle

fibres are the continuation of the atrial musculature into the cusps
of the tricuspid valve and no ventricular muscle fibres are found to
enter them.
The caudal fibres of the deep sinospiral layer which originate
mostly from the left annulus fibrosus pass obliquely along with the
remainder of the fibres of this layer in an anticlockwise direction
and, after winding round the right border of the heart sink into the
ventral interventricular groove as deeply as the endocardium.

Having

reached this plane they turn backwards on themselves in the ventral
wall of the right ventricle (Fig.34) and ascending towards the ventricular
base finally end in the oonus tendon.

In the terminal part of their

oourse they interdigitate with the transverse fibres (posterior crus
of the Infundlbulo-ventrlcubar crest) already mentioned and, these

Ao

P.A.

Atr .Lt.

'D.B.8
L.S.S.
V.I.V.O.

Fig.3O.

S.L.S.

Photograph of the sternocostal surface of the sheep ventricles
after removal of the superficial layers,
Note the loop-like
arrangement of the deeper fibres over the infundlbulv
X approx.

P.A.

Lt .A.V.Or

Rt .A.V.O,
L. S • S

-D.I.V.O.

Pig.31.

Photograph of the diaphragmatic surface of the sheep ventricles
reflection of the superficial layers.
Note that the fibres
e deep bulbospiral layer cross the dorsal 1.7. groove to pass
ie right ventricle.
X approx, i-

P.A

Fig.32.

Diagrammatic representation of the complete course of the deep
bulbospiral layer of the sheep heart.
Note that this layer
passes over both ventricles.
(Dorsal view)
X approx,

Fig .33.

normal

size

Diagrammatic representation of the complete course of the deep
sinospiral layer.
Note that the layer is mostly limited to the
right ventricle.
Fibres which form the posterior crus of the
l.V. crest are shown in red.
(Dorsal view)
X approx

normal size
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together constitute the body of the Infundibulo-ventricular crest
(Pig.34) 5

this prominent structure lies between the inflow and the

outflow tracts of the right ventricle.

Where thie bundle of oblique

fibres has a superficial position in the ventricular wall it is not
readily recognisable as a distinct entity but when it has gained a
deep position and viewed from the interior, its asoending part is
clearly seen as a definite band.

This ascending part of the bundle

constitutes the anterior crus of the Infundibulo-ventricular crest
(Pig.34).
The remainder of the fibres of the deep sinospiral layer of the
mammalian ventricles are orientated in exactly the same manner as in
the avian ventricles.

The muscle fibres whioh gain the deep surface

of the wall of the right ventricle through the caudal region of the
ventral interventricular groove eventually form the dorsal papillary
muscle of the right ventricle, whereas those fibres whioh pass deeply
close to the side of the anterior crus of the Infundibulo-ventricular
crest form the ventral papillary muscle of that ventricle.

It is of

interest that these structures are either very rudimentary or altogether
absent in the right ventricle of the bird.
Before embarking on the discussion, it is considered appropriate
to summarise the special muscular features of the ventricles of birds
and mammals

*

it is only in these two classes that the septation of

the ventricles is complete.

P.A

■Kt .A.V.O.
A • or .1.7” • 0 .

P »cr . I .V.G .

Fig.34-

Drawing of the l.V. crest of the sheep heart as seen when viewed
from the interior of the right ventriole.
The anterior crus is
shown in green and the posterior crus in red.
X approx, i

Intund.

Rt .Vent •

L.V.3.
/

•Lt .Vent.

Fig.35.

Photograph of the fibre arrangement of the longitudinal la;—
the ventricular septum.
The right ventricle ie unrolled awai
ventricle along the ventral I.V. groove.
X approx. £

‘
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(l) The wall of the left ventricle has always been found in
normal hearts to be thicker than that of the right ventricle.

The

left ventricular muscle fibres, except for those of its circular layer,
form an open figure of eight spiral.
(li) The vertex is confined to the left ventricle.
(ill) The apex is covered only by the superficial muscle layers
whereas the deeper layers enter the substance of the ventricular wall
slightly more eranially.
(iv) The circular layer of the left ventricle does not have its
counterpart in the right ventricle.
(v) The superficial muscle fibres over the left ventricle are
comparatively more longitudinal in disposition than over tho right.
(vi) The papillary muscles in the fowl’s left ventricle are
rudimentary and small.

Right YcatrttiLc
(i) The wall of the right ventricle in normal hearts is thinner
than that of the left.

The deeper musole fibres provide only a segment

of a cone in their course over the main part of the right ventricle
and are arranged in semicircular loops over the infundibulum.
(li) There is no vortex in this ventricle.
(ill) The apical area of the right ventriole is covered with both
superficial and deep layers of muscle.
(iv) The superficial muscle fibres of this ventricle are relatively
less longitudinal than those of the left ventricle.

Gir .L.Lt .V.
P .A.
L.B.S.,

D.S.S.Tr .Er.
L.V.S?

S.B.S.

Fig. 36. Photograph of the circular layer of the left ventricle of the sheep
Note that the fibres of the other layers pass deep to this layer
to gain the inner surface of the left ventricle.
X approx. £

Fig.37.

Photograph of the wall of the left ventricle of the sheep which is
opened out as a sheet of muscle after severing its circular layer.
Note the continuity of the superficial fibres with the innermost
fibres of the ventricular wall.
X approx. -J-
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(v) The muscular valve which guards the right A.V. opening
is a special feature of the avian heart*
(vi) The papillary muscles of the right ventriole of the bird
are either very rudimentary or altogether absent.
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DISCUSSION

It 1b generally considered that the mammalian ventricles are
made up of a number of muscle layers (Gerdy, 1323;
MacCallwa, 1900;

Mall, 1911;

Ualmsl^r, 1929;

and Robb and Robb, 1938, 1942) •

Pettigrew, 1864;

Walmslsy, 1938;

This concept has, however, been

considerably modified by Lev and Simklns (1949) who have stressed
the syncytial nature of the cardiac musculature, although this feature
of the myocardium has been recognised by practically all the workers
on the subject.

Lev and Simklns, however, deny the presence of

multiple layers as many investigators have found In the mammalian
heart and have also been described by Pettigrew (1864) and Shaner
(1923) as occurring In the bird •

Lev and Simklns consider that

there are only three groups of muscle fasciculi, which they have
termed epicardial, middle and endocardial, and they are not separated
by any connective tissue planes Into laminae.
The result of the present comparative study Indicates that the
ventricular muscle fibres are arranged In distinct layers especially
In the higher reptiles, birds and mammals.

In these animals the layers

are well defined and can be separated from one another by ordinary
dissection although In the lower vertebrates the laminar arrangement is
also present and could be seen In the stained cleared specimens, the
layers are not separable as there is a considerable mingling of the
superficial and deeper fibres.

The fibre arrangement gets more

organised and the lamination becomes better defined as the animal scale
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1b ascended.

These ventricular muscle layers are connected with one

another by a number of both gross and microscopic branches and from
this point of view, it is true that the whole ventricular musculature
is one syncytium.

Nevertheless, groups of muscle fasciculi traverse

in some particular direction in the ventricular wall and they can be
separated from other groups by ordinary dissection even though there
is no distinct connective tissue cleavage plane between them.

These

facts have also been pointed out by Mall (1911). Robb et al., (1935)
and Robb and Robb (1938, 1942) have shown both by dissection and by
experimental means that the separate ventricular muscle layers perform
separate functions;

Robb and Robb (1938) consider, for instance that

the fixation of the A.V. valves during ventricular systole is due to
the action of the superficial muscle layers.

They furthermore, stated

that various chronic heart diseases lead to differential hypertrophy
of separate layers or part of them such as hypertrophy of the deep
bulbospiral layer in hypertension.
Having considered these views and noted in my own specimens a
definite laminar arrangement of the ventricular muscle fibres and also
their dissectable nature especially in the higher vertebrates, the writer
believes it reasonable to consider that the cardiac ventricles are
morphologically composed of a number of muscle layers although
histologically the cardiac musculature is one syncytium.
Amongst adult vertebrates the bulbus cordis is present only in
the elasmobranch and the amphibian hearts.

In the Teleost, the embryonic

bulbus cordis is probably suppressed or undergoes degeneration and in
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the adult it is both functionally and morphologically replaced by the
bulbus arteriosus;

this definite and very obvious entity, in all

probability develops from the backward growth of the truncus arteriosus
(Goodrich, 1930).

If this assumption is true the bulbar part of the

cardiovascular system which lies between the ventriole and the beginning
of the ventral aorta in Teleosts, should not therefore be called the
bulbus cordis although many workers continue to do so (Russell Brook,
1996)|

such a supposition is supported by the fact that the region

in question does not contain cardiac musole.

In the reptile septa

appear in the embryonic bulbus cordis which thereafter participates
in the formation of the origin of three great vessels emerging from
the ventriole.

In birds and mammals the bulbus is divided into a

right and a left part by the aortic septum.

The right part is absorbed

into the right ventriole and fonts the infundibulum while the left part
does not grow correspondingly and certainly cannot be recognised as a
definite entity in the adult heart.
The general arrangement of the musculature of the ventricles
and the bulbus cordis of the vertebrate heart , as observed in the
present investigation, is mostly confirmatory to the findings of
various previous workers.
No superficial sling-like muscle layer as described by Pettigrew
(1864) in the ventriole of salmon or by Shaner (1923) in the ventriole
of sturgeon, is present in the ventricle

of cod and haddock.

Pig.4

is a photograph of a transverse section of the haddock ventriole which
dearly shows that the circular layer is lying Immediately underneath
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the epicardium and that no other layer Is situated between the two.
The muscular architecture of the frog’s ventricle as seen in
this investigation, is almost exactly like that described by Shaner
(1923) except that the inner trabeculae are not arranged in two sheets
placed along the ventral and dorsal margins of the A.V. orifice as
stated by him;

they are arranged all around the A.V. opening and

are attached to the caudal margin of the A.V. funnel and A.V. valve.
A similar arrangement of the trabeculae is also described by Davies
and Francis (1941) in the ventricle of the salamander (S. salaraandra) •
The present findings support the view of Shaner (1923) that the
spiral arrangement of the ventricular muscle fibres first appears in
the reptilian heart.

The 11 sard’s ventricular architecture is very

much like that of the frog except the circular fibres show a certain
degree of spiral orientation.
disposition is more marked.

In the grass snake, this spiral
Xn the alligator (A. mississipiens),

it is almost similar to that found in the bird and the mammal (Shaner, 1924)
The superficial longitudinal layer as found in the ophidian
ventricle(s) was not seen in the ventricle in the lower reptile examined,
namely the green lizard.

Xn the tortoise (Chelonia) ventricle,

Shaner (1923) described the definite spiral arrangement of the circular
fibres but mentioned no superficial longitudinal layer although he
(Shaner, 1924) found a fairly thick longitudinal layer in the alligator's
ventricles.

Xn the grass snake this layer is distinct and disseotable.

This layer is definitely absent in the ventricle of the frog, ood and
haddock.

Thus it appears from the present comparative study that as
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animals ascend In the evolutionary scale three distinct changes occur
in the ventricular muscle, vizt(i) The fibres lose the haphazard orientation and become
better organised, and
(ii) A laminar arrangement becomes more and more evident and
more easily demonstrable.
(ill) The eiroular disposition of the mass of fibres is
gradually replaced by a spiral arrangement.
In all the ophidian hearts examined, a very characteristic
feature has been the great relative thickness of the ventral vail of
the ventriole as oompared with the dorsal wall, the ratio being
approximately 3 s 1.

There appears to be no mention of this remarkable

feature in the literature and the candidate postulates that it may be
associated with the fact that in progression, the snake moves with
its ventral body vail apposed to the ground;

furthermore in this

connexion it is of interest to correlate the absence of sterna in
snakes.

The correlation of heart form with other physical factors is,

however, recognised to be a vide problem bat the candidate intends to
make a full study of the snake1 s heart in the hope that it may produce
further evidence to account for the great discrepancy that exists in
the relative thickness of the two walls of the ventricle.
The candidate1 s findings in the avian and mammalian ventricles
are very similar to those of previous workers except for a few minor
differences.

Mall (19U), in the human heart, described two vortices,

one for the right and the other for the left ventriole.

The present
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aeries of mammalian and avian hearts, however, shoved only one vortex
confined to the left ventriole.

Weber (1831) stated that the vortex

Is limited to the left ventricle only and the superficial fibres of
the right ventriole do not form a vortex.

Pettigrew (1864) was of

the some opinion, when he stated that the external fibres of the
right ventriole enter the entire anterior coronary groove along its
length to become Internal and not at a United site as the apex of
the left ventricle.
The longitudinal layer of the ventricular septum has long been
known to the anatomists and was fully described by MacCallum (1900)
In pig, Mall (1911) In human and Shaner (1923) In domestic fowl.
Various names have been given to this layer by different workers.
MaU (1911), Shaner (1923) and Flett (1928) oalled it •longitudinal
layer of the right ventricle".

3erdy (1823), MacCallum (1900) and

Walmsley (1929) oalled it as "Interventricular layer”.

Nevertheless,

lt appears that neither of these names conveys a dear Idea as regards
the position of this layer In the ventricular wall.

Although the

fasciculi of this layer show various degrees of obliquity the layer
as a vhde tends to pass along the long axis of the septum and It is
therefore considered that the name longitudinal layer of the ventricular
septum Is appropriate.
The origin of the longitudinal layer of the ventricular septum,
certainly In the ox, sheep and pig, Is more extensive than that described
by Mall (1911) In the human heart.
root only.

He limited the origin to the aortic

In the present Investigation, both In mammals and birds,
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the layer was found to be attached to the aortic root and trigonum
dextrum.
heart.

Thie agrees with the findings of Flett (1928) in the human
Furthermore, this layer, after emerging on the surface of

the left ventricle blends with the deep bulbospiral layer and also with
those fibres of the deep sinospiral layer which cross the ventral
interventricular grooves rather than with the sinospiral layer alone
as described by Mall (1911) •
In the human heart Brandt (1953) implies that the Infundibuloventricular crest is a separate muscle, having an origin in the conus
tendon and an insertion into the lower part of the ventricular septum.
However, it appears from the present observations in the other mammals
that the muscle of the crest is not a separate entity but represents
only a part of the deep sinospiral layer.

Fibres of this portion of

the deep sinospiral layer are attached to the trigonum dextrum and the
adjacent part of the left annulus fibrosus and pass ventrally in two
bundles, which reunite in the region of the oonus tendon and there
font the body of the crest.

One bundle passing transversely round

the right A.V. opening oooes to oonetitute the posterior crus of the
crest.

The other bundle passes spirally around the right ventricle

and penetrating the lower part of the ventral interventricular groove
ascends on the endocardial surface of the ventral wall of that ventricle
and finally reaches the oonus tendon;

while thie bundle is on the

external surface of the heart it is not readily distinguishable from
the rest of the layer.

The ascending part of the bundle vhich, however

is seen ae a slightly raised band when viewed from the inner eurfaee of

- u •
the right ventricle, constitutes the anterior crus of the crest.
The two crura Join each other close to the oonus tendon and the fibres
of the one Interdigitating with those of the other at an acute angle to
form the body of the crest (Pig.34) •

The first of these bundles which

has been described namely that one which passes transversely round the
right A.V. orifice is a prominent structure when viewed from the
interior of the right ventriole after the requisite dissection,
furthermore when Its presence Is appreciated lt may even be recognised
before the endocardium Is disturbed.

It Is postulated that this

bundle of fibres, on account of its position and orientation, may be
associated with a diminution of the diameter of the right A.V. orifice
during ventricular gystole.

Some supporting evidence for such an

Implied functional arrangement will be given in the following paragraph
during the discussion of the corresponding group of muscle fibres in
the bird.
The muscle fibres of the right A.V. valve in the bird are of
special Interest.

They belong to the deep sinospiral layer which

describes a course that is similar to the fibres of the posterior crus
of the mammalian Infundibulo-ventricular crest.

Zn the intermediate

part of its course this group of fibres lies within the single cusp
of the right A.V. wive.

Zn so doing these fibres, through their

valvular relationship, constitute a mechanism for the complete closure
of the right A.V* orifice whereas in the mammal the corresponding
fibres as has already beeh postulated, assist in the closure by
narrowing the right A.V. orifice.

The two structures on account of
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their muscular relationship may, therefore, be regarded as homologous,
but they are not strictly analogous on account of the difference in
the mechanism in the right A.V. valves of birds and mammals.

As far

as X am aware this comparison of the avian and mammalian right A.V.
region has not previously been described.
Although, in the past, there was divergence of opinion regarding
the presence of muscle fibres in the A.V* valves of the normal mammalian
heart, lt is now generally agreed that the atrial muscle fibres extend
for a small, distance into the A.V. valves of the mammal including
man (Walmsley, 1929 and Dow and Harper, 1932).

The presence of

atrial musole fibres in the basal one fourth of the cusps of the
mammalian tricuspid valve, as found in this investigation, therefore,
entirely agrees with the findings of the other workers.
The deep bulbospiral layer as described in this investigation
is quite different from the muscle layer which MaU (1911), Shaner
(1923) and Flett (1928) described by that name.

The deep bulbospiral

layer according to than, is limited to the left ventricle only and is
therefore equivalent to the circular layer of the left ventriole of
the present investigation.

Xt appears from their description that

no musole layer is situated between the superficial bulbospiral layer
and the circular layer of the left ventriole (their deep bulbospiral
layer), although in all mammalian and avian hearts, I have found that
a definite, although relatively thin, layer is situated between them. ^
This layer is attached to an area of the cardiac skeleton, corresponding
to the origin of the superficial bulbospiral layer but in a deeper
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plane and It is not limited to the left ventricle only.

Figs.31 and 32

show that the fibres of the deep layer vhich take their origin from
the ventral portion of the cardiac skeleton are crossing the dorsal
interventricular groove and thus prove their biventricular nature.
Fig.30 shows the origin of this layer from the oonus tendon and the
pulmonary root thereby indicating that the layer is not confined to
the left ventricle.

Zt is this layer, which I have described as

the deep bulbospiral layer whereas the layer which lies deep to it
and is confined to the left ventricle only (Fig.36) I have designated
the circular layer of the left ventricle.

The deep bulbospiral layer

as described in the present investigation, is equivalent to the
combined second and third layers of Pettigrew (1864) and the circular
layer of the left ventricle is the same as his fourth or central layer.
Shaner (1928) in his review of the adult structure of the pig’s
ventricles stated, "Beneath the outer vortex layer lies the complex
middle layer.

The more superficial fibres of the layer surround

both the ventricles.

The deeper fibres form a cylinder in the left

ventricle whioh fits over the papillary muscles and trabeculae camae.
The superficial fibres of the middle layer, on both surfaces of the
heart, jump across interventricular grooves.

Above they are attached

to the heart base, below they merge with the vortex layer at the apex.
Zn the left ventrlole, the middle layer is much thicker and it is to
the deeper fibres of the middle layer, whioh belongs wholly to the left
ventricle that Mall applied the term ’deep bulbospiral layer’•

These

observations of Shaner in the pig entirely agree with the present

findings in the birds and mammals.

The deep bulbospiral and deep

sinospiral layers of the present investigation together form the
superficial stratum of his middle layer and the circular layer of
the left ventricle as the deep stratum of his middle layer.

Robb

and Robb (1942) admitted the presence of a deep layer in the left
ventricular wall in addition to their deep bulbospiral layer.
stated that the fibres of this deep layer originate
curve

They

from ’the anterior

of the left A.V. ring’ but they described this deep layer as

a part of the deep sinospiral layer, although, according to them, the
superficial bulbospiral layer also arises from this same area but in
a superficial plane.
Complete separation of the systemic and pulmonary circulations
and a definite veil marked spiral arrangement of the ventricular muscle
fibres are found only in the bird and the mammal
of warm blooded animals.

*

the two classes

Furthermore, the blood pressure in these

warm blooded animals is higher than that in the oold blooded ones.
The following table shove the average systolic blood pressure in some
of the vertebrates:-

.

Man (Adult)

130 mm. of Hg.(Spector, 1956)

Cattle

134 ns. of Hg. (Specter, 1956)

Albino rat

116 mm. of Hg.(Spector, 1956)

Domestic fowl

190 mm. of Hg. (Spector, 1956)

Lizard

40 mm. of Hg. (Clark, 1927)

Snake, ring

89 an. of Hg. (Specter, 1956)

Ffog

43 ma. of Hg. (Spector, 1956)

Dog fish

32 mm. of Hg.(Speotor, 1956)
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It is generally coneeded that there are several factors concerned
with the maintenance of blood pressure and among these, one of the most
important is the pumping power of the ventricles.

The ventricles of

the warm blooded animals, therefore, must be relatively more powerful
than those of the cold blooded, in order to maintain their higher
blood pressure.

The spiral arrangement of the ventricular muscle

fibres in the warm blooded animal makes its heart a more powerful
pumping organ than that of the cold blooded one.

It is postulated

that the spiral arrangement of the ventricular muscle fibres results in
the blood being "wrung out" of the ventricles rather than being
wsqueesedHout" as occurs in ventricles which have only circularly
arranged muscle fibres.
The spiral arrangement of the ventricular musole fibres in
birds and mammals is probably one of the many factors which helps to
maintain homoiothermia in them.

This arrangement first appears in a

class of vertebrates vis. the reptiles, which though classified as
poikilothermal, maintain the body temperature better than the other
classes of the cold blooded animals, vis. the fish and the amphibia
(dark 1927).

This morphological change in the arrangement of the

ventricular muscle fibres and separation of the two circulations thus
seem to have evolved simultaneously with the ability of the animal
to maintain its body temperature.
A higher rate of metabolism is essential in the homoiothermal
animal to keep its high body temperature.

The average B.M.H. in the

warm blooded animals is from 900 « 1,000 Calories per eqt« metre of the
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body surface whereas that of the cold blooded animals Is far below
100 Calories per sq» metre of the body surface (Clark 1927, Spector
1956) .

A higher metabolic rate, In turn, requires oxygen and food

materials to reach the tissues rapidly and In sufficient quantities.
This Is achieved In the higher vertebrates, along with other factors,
by the spiral arrangement of the ventricular muscle fibres and by the
complete separation of the systemic and pulmonary circulations.
The spiral orientation of the muscle fibres helps to Increase the
cardiac output by augmenting the pumping power of the ventricles
and thereby Increases the supply of oxygen and food materials to the
tissues, while the separation of the circulations allows only the
oxygenated blood to reach the tissues.
Therefore, It seems reasonable to postulate that the spiral
disposition of the ventricular musculature In the higher vertebrates
has evolved In response to the mechanical requirement and, also
Indirectly, to the thermal need of the animal •

SUMMARY
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SUMMARY

(1) A number of hearts of various representative vertebrate
animals have been studied to observe the arrangement of the ventricular
musole fibres.

Larger hearts were boiled In acidulated water and

subsequently treated with 90% alcohol before dissection.
hearts were treated with 90$ alcohol only.

Smaller

The latter group was

also stained with 0.05% Bensoqulnone and cleared In Oil of Wintergreen
and the musole fibres traced under the binocular microscope.
Paraffin sections of smaller hearts were also examined as an adjunct.
(2) Histologically, the whole of the ventricular muscle
constitutes a syncytium.

Nevertheless, groups of musole fibres are

so orientated that they form lamina which In the larger hearts, and
particularly so In Mammals, may clearly be displayed by ordinary
dissection.
(3) Mammalian and avian ventricles are made up of spirally
arranged musole layers and they are classified Into two groups
the "Bulbospiral group" and the "Sinospiral group".

*•

Iohthyopsidan

ventricles consist of an outer thin circular layer and dense Inner
trabeculae.

The ophidian ventriole(s) has a superficial longitudinal

layer, a deep circular layer and a mass of Inner trabeculae.
U) The deep bulbospiral layer of the present investigation
is different from that described by the previous Investigators.
The circular layer of the left ventriole of the present wort: Is the
same as the deep bulbospiral layer of other workers.
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(5) The spiral arrangement of the ventricular muscle fibres
first appears In the lover reptiles and Is most apparent In the
ventricles of birds and mammals*
(6) An attempt has been made to correlate the function with
the evolutionary changes In the muscular architecture of the ventricles.
It has been suggested and discussed that the spiral arrangement of the
ventricular muscle fibres In the higher vertebrates has evolved In
response to mechanical requirements and also Indirectly to thermal
need of the homoiothermal animals.

PART II
INNERVATION OF THE BULBUS CORDIS AND THE
VENTRICLES OP THE VERTEBRATE HEART

A BRIEF REVIEW OF THE LITERATURE
ON THE VENTRICULAR INNERVATION
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A BRIEF REVIEW OF THE LITERATURE ON THE VENTRICULAR INNERVATION

The literature on the ventricular innervation dates hack to the
later part of the eighteenth century when Scarpa (1794) first described
the presence of ganglion cells on the epicardial nerves of the
ventricles of mammals.

Since then the innervation of the heart has

drawn the attention of numerous workers.

Lee (1849) observed with

the naked eye, ganglion cells on the epicardial nerves of the ventricles
of man, ox and heifer.

Berkley (1894) using a silver technique

recorded two types of nerve endings in the ventricles
knob type and a complex pennate formation.

*

a simple

Mollard (1908) found

nerve cells in the ventricular wall of mammals, reptiles and amphibia.
Wilson (1909) recorded a rich plexus of nerves and groups of ganglion
cells in the A.V. bundle of oalf, sheep and pig.
The next Important observation was made by Meikeljohn (1913, 1914) •
She noted a considerable difference in the degree of innervation of the
conducting system of the different species of mammals.

She also

studied the topography of the cardiac ganglion cells in the rat and
found that the ventricles were devoid of nerve cells.

Holmes (1921)

noted bundles of nerve fibres and groups of nerve oells in the A.V.
bundle of mammals and further observed a relatively greater abundance
of nerves in the ox A.V. bundle than in that of the other animals
studied by him.

Ferman (1924) recorded the presence of nerve oells

in the ventricles of calf, sheep, goat and guinea pig and according
to him the oells were confined to the region close to the A.V. sulcus.
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Woollard (1926) made a detailed study of the intrinsic
innervation of the heart.
ventricle.

He found no ganglion oell in the mammalian

He did, however, find ganglia in the ophidian ventricle.

According to him the cardiac nerve cells in the atria are subepicardial
in position and parasympathetic in character.

He, furthermore,

observed that the ventricles are predominantly, if not solely, supplied
by the sympathetic nerves.

As regards the nerve endings, he found

pericellular and pericapsular preganglionic endings, intraprotoplasmic
endings in the muscle cells and simple knob and brush-like sensory
endings in the epicardium and endocardium.
are devoid of nerves.

In his opinion, oappilaries

Blackhall-Morison (1926) described two types

of nerve endings in the heart

*

the vagal type in the form of

”contact bulbs” and the sympathetic type in the form of ’’branched
endings” •

Jones (1927), in the human heart, observed intracellular

endings with a neuro-myofribillar continuity.

He also noticed

isolated nerve cells in all parts of the ventricular wall.
Boeke (1932) observed that a network of fine nerve fibres
surrounds the muscle elements and no individual nerve endings are
present.

He called the network the "sympathetic ground plexus'1.

In the tortoise and sheep, however, he found that fine branches from
the ground plexus penetrated the muscle cells and formed introprotoplasmio
endings with a periterminal network.

In 1949, Boeke gave an account

of his concept of the terminations of the autonomic nerves.

He believes

that the autonomic end-apparatus is built up of a reticulum of
anastomosing ”interstitial cells” and that the neuro-fibrillae of both
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the sympathetic and parasympathetic postganglionic nerves traverse it.
He further believes that the interstitial cells form synaptic
connections between the nerve fibres and the innervated structures.
In the opinion of Stohr (1932, 1934, 1935 and 1957) the autonomic
end-formation

in the cardiac ventricles as well as in all other

vegetatively innervated organs is composed of a neuro-flbrillar network
which he designated "terminal reticulum”>

the fibrils of this network

penetrate into the protoplasm of the innervated cells.

This network

is associated with the interstitial cells and Schwann cells.

Apart

from the terminal reticulum he has described various types of afferent
endings in the heart.
network.

Reiser (1934) also described the same type of

He oalled the nucleated part of the network

«

"preterminal

reticulum” and the non-nuoleated part the ’’terminal reticulum” •
Blair and Davies (1935), like Meiklejohn, noted a species
difference in the innervation of the conducting system and also recorded
intraprotoplasmio endings in the muscle cells of the media of the
ooronary arteries of ox but could not find the same in man.

Nonidez

(1936, 1937, 1939, 1941, 1943 and 1944), a strong critic of the theory
of a terminal network, has found bulbs, loops and reticulated endings
in the myocardium.

He asserts that the terminal network is not a

neural structure but a network of agyrophilic reticular tissue.

He

also commented that the ortho and parasympathetic nerve fibres could
be differentially Impregnated with a modified Cajal method.

Other

workers, however, question the reliability of this technique.
Seto (1936), using modified Blelsohowsky-Qros technique, found a
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nervous terminal network in the human heart.

According to him, all

oells associated with this network are Schwann cells.

Nettleship

(1936) found an extensive subendocardial network with many "nodal
points" •

King (1939) noted different types of motor and sensory

endings in the methylene blue stained rat ventricles, but he could
not determine whether the endings are epi or hypolenmal in position.
In 1945 Kaylor using Nonidez technique found only parasympathetio
fibres in the ventricles of the guinea pig, a result exactly opposite
to that of Nonidez.

Lavrentiev (1946) noted that in the periphery

both sympathetic and parasympathetio fibres travel in the same Schwann
plasmodiun.

He is of the opinion that all cardiac ganglion cells

are parasympathetio and the ventricles are supplied only by the
parasympathetio nerves.
Stotler and McMahon (1947) after studying the innervation of
the human conducting system arrived at the significant conclusion that
the peripheral Purkinje fibres are devoid of nerves, but they found
organised endings in the proximal part of the A.V. bundle.
detect no nerve endings in the ventricular myocardium.

They could

Akkeringa (1949)

on the other hand, found that the Purkinje fibres are covered with a
fine network, formed by the interlacing processes of the interstitial
cells.

Landau (1950) believes that the autonomic end-apparatus is

a syncytial network of the interstitial cells.

Toheng (1951) noted

that the ventricular nerve oells are confined to an area dose to the
A.V. sulcue.

He also found intraprotoplasmic nerve endings.

While

Field (1951) confirmed the species variation of the nervous complement
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of the A.V. bundle In a number of mammals, he found that organised
nerve endings are "conspicuously absent”.

Instead he reported a

network of fine nerve fibres in the A.V. bundle.
Davies et al (1952) after studying the ventricular innervation
in many orders of mammals, found that the ventricular nerve cells are
present only in Artiodaotyla and Cetacea, and that they are situated
subepioardially and in relation to the A.V. bundle.

They found no

nerve endings in the ventricular myocardium tut noted simple knob
like endings in the epioardium and endocardium and a fihe plexus and
terminal knob-like endings on the surface of some of the A.V. bundle
muscle fibres.
Mitchell et al (1953) found subepicardial ganglion cells in the
ventricles of the rhesus monkey and rabbit.

In the former the ganglion

cells were numerous and were found even close to the ventricular apex.
They believe that the majority of these nerve cells are multipolar.
Mitchell (1953 and 1956) believes in the existence of a terminal nerve
network in all vegetatively innervated organs and asserts that the
network is not an artefact due to formalin fixation as suggested by some
investigators.

He reviewed and discussed the whole problem in great

detail in his book on the cardiovascular innervation (1956).
Meyling (1948, 1953) made a significant contribution to the
problem of the morphology of the autonomic end-apparatus.

After

examining the innervation of various organs including the heart, he
arrived at the conclusion that the end-formation is composed of a
nervous terminal network, built up by the interlacing processes of the
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interstitial cells.

This network supplies all the structures of the

ventricles including the capillaries.
Sato (1954), a student of Seto and working with his modified
Bielschowaky method, observed the same terminal network in the oanine
heart.

He thinks the network stands in "control over almost any

kind of tissues" in all the three layers of the heart.

In addition

to the network he also noted tapering medullated nerve fibres.
Recently Holmes (1956 and 1957), using silver impregnation
and methylene blue techniques found a "terminal nervous network"
with cells in its meshes in the endocardium of the canine atria.
Apart from the network, he also noted "circumscribed end formations"
related to thick myelinated fibres;

these are situated particularly

about the points of entry of the large veins into the atria.
his opinion this second type of ending is receptor in function.

In
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OBSERVATIONS
GENERAL DISTRIBUTION OFTHE VENTRICULAR NERVES
The innervation of the heart is known to be derived from
sympathetic and parasympathetic nerves.

These intermingle on their

way to the heart especially In the oardlac plexuses, and since
morphological differences between them have not been as yet definitely
established, they have proved Indistinguishable in their course
through the ventricular wall.
Before describing the morphology of the ventricular Innervation
It is considered appropriate to mention at this stage that the
autonomic nervous system Is considered here as consisting of both
sensory and motor elements.

There appears, however, to be considerable

difference of opinion regarding the constitution of the autonomic
system.

At present, there are two views about this subject.

According to one view this system Is defined as a purely efferent one
(Runts, 1953), as enunciated by Langley (1903).

The writers who

subscribe to this view admit the presence of visceral afferent fibres
but they believe that these fibres do not belong to the autonomic
system because they have their nerve cells In sensory ganglia on the
cerebro-spinal nerves like all sensory fibres irrespective of their
distribution.

On account of this they regard that the autonomic

system should be considered as entirely motor.

According to the other

view, the autonomic nervous system Is considered to be comprised of
both afferent and efferent components (Mitchell, 1953, 1956 and Stohr.1957)
As the candidate —

---------------------- _-------------------------
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personally agrees with the second view, the autonomic nerves which
supply the ventricles are regarded in the present investigation, as
having both afferent and efferent components.
The anatomical pattern of the innervation of the ventricles
in all the animals studied in the present investigation has proved
to be basically the same.

There are three plexuses, a sub-epicardial,

a myocardial and a sub-endocardial«

These are formed by bundles

of nerve fibres which are connected with a more peripheral terminal
nerve network supplying the various ventricular components as will be
described later.

Finally it is to be noted that in general the

ventricles possess intrinsic nerve cells.
In the various animals certain differences have, however, been
found in the paths by which the nerves reach the ventricular plexuses
as will be described in the following general account of the nerve
supply of the ventricles.
In the gat (Mas norvegicus), dog (Oanis familiaris) and in the
domestic fowl (Gallus domesticus), the ventricular nerves travel
mainly as the plexuses which surround the coronary arteries and their
branches and also along the atrio-ventricular bundle of His.

Only

a few nerves reach the ventricles independently of these paths.
Over the surface of the ventricles, nerve bundles derived from
the nerve plexuses accompanying the ooronary arteries and also the
nerve bundles reaching the ventricles independently of these ooronary
plexuses divide and subdivide, the branches Joining one another to
form a subepicardial plexus.

Branches of this surface plexus are
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mainly distributed to the ventricular wall barring most of the
ventricular septum which is mainly supplied by the nerve bundles
accompanying the A.V* bundle.

Prom the surface plexus, bundles of

nerves penetrate at various points into the myooardium, either alone
or along with the branches of the coronary arteries where they form a
secondary plexus

•

"the myocardial plexus" (Pig.38).

Nerves also

reach the ventricular myooardium by way of many large and snail bundles
of nerves accompanying the A.V. bundle.

These form plexus both

within and on the surface of the A.V. bundle.
particularly reach

This plexus is

in the proximal part of the bundle of the rat

(Fig.39), but is not so well developed In the dog and fowl, particularly
the former, in the bundle of which relatively few nerve bundles are
present.

Many of the nerves of the A.V. bundle leave it and run for

a considerable distance deep to the endocardium of the septum (Pig.40)
before turning into the myocardium where they help to form the myocardial
plexus.
The subepicardial, myocardial and subendocardial plexuses are
considered to be composed of afferent and efferent fibres of both ortho
and parasympathetic cardiac nerves.

The thickly medullated fibres are

regarded as afferent, and form a part of the extrinsic cardiac nerves.
The apparently non-medullated fibres of the plexuses are considered to
be efferent and to be derived from the extrinsic cardiac nerves as well
as from the axons of the multipolar nerve cells of the intrinsic cardiac
ganglia, to be described later.

Branches of these plexuses ultimately

supply the various components of the ventricles through the terminal

Fig.38.

Sagittal section of the left ventricular wall of the domestic fowl
shoving the myocardial plexus formed by bigger and smaller bundles
of nerve fibres.
(Qros-Schultze)
Z 230

A.V.b.

Fig.39*

An oblique section through the proximal part of the rat ventricles
Numerous large and small bundles of nerves are seen in the
proximal part of the A.V. bundle.
(Qros-Sohultse)
X 90
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nerve network.
In the green lizard (Lacerta viridie) and In the grass make
(Natrix

natrix), nerves In large bundles reaoh the ventricles

by passing directly from the sides of the great vessels and from the
walls of the atria;
arteries*

only a few nerves travel along the coronary

The nerves from the sides of the great vessels pass at

first into the subepicardial plexus before they penetrate the myocardium.
Those coming from the walls of the atria are situated superficial and
deep to the musculature of the A.V. funnel (Mg. 41) and surrounds
the A.V* opening on their way to the ventriole.

They pass straight

into the myocardial plexus*
In the £X2£ (Rana tsmporarla) nerves pass to the ventriole
along the ventral aorta and the bulbus cordis, and enter the subepicardial
plexus on their way to the myocardial plexus.

The nerve bundles from

the walls of the atria take a oourse similar to that found in the
green lisard, on their way to the myocardial plexus of the ventricle
(Fig.42) •

A few nerve fibres on their way to the ventricle also

pass along the coronary arteries which are confined to the bulbus cordis.
In cod (Gadus morrhua) and haddock (Gadue aeglefinus) the writer
had very little success in impregnating the nervous element of the
ventriole with silver by the three methods used although a large
number of hearts vere investigated.
were seen*

Only a few scattered nerve fibres

Zt should be mentioned in this connection that all the

animals used in the present investigation with the exception of fish
were killed and fixed immediately by the writer himself*

But as no

M .1-.

Fig.40.

Ando

An oblique section of the rat heart.
Shows a big bundlo of nerve
fibres in the eubendooardium of the right surface of the
ventriculax* septum.
(Qros-Schultze)
X 350

.B.

tk

A.V.V.
I

A .V .B.

■

A.V.3.

Vent.Tr

fig *41*

Vent.Tr

Sagittal section of the lizard heart.
Shows that nerve bundles
enter the ventricle surrounding the A.V. opening.
Note that the
bundles are situated both superficial and deep to the musculature
of the A.V. funnel.
(Bodian)
X 60
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live fish vers available, bottles containing fixatives were given to
a fisherman, who was requested to place the hearts in the fixatives
immediately after the fish were caught.

Therefore it is difficult

to decide whether this failure to impregnate the nerves in the fish
heart

was due to delay in fixation giving rise to poet mortem changes

or was due to the nature of the nerve supply of the fish heart.
However, from the sections whioh did show a few scattered nerves, it
could be made out that in the fish nerves enter the ventricle along
the bulbus arteriosus and along the wall of the A.V. funnel.

Only

a few nerves accompany the coronary arteries.
The ventricles of the vertebrate heart

have been found to be

profusely innervated except in the fish in which only a few nerves were
observed.

A comparative study of the sections of the various animate

examined showed that the ventricles of the domestic fowl have the
richest nerve supply (Tig.43).

The photograph hardly gives an

adequate impression of how profusely the avian ventricles are innervated
as only a few nerves come into view at any given focus and the
extremely fine branches cannot be recognised at the low magnification
of the photograph.
Zt is claimed by Nonides (1939) and supported by Kaylor (1945)
that with a modified Cajal technique, the sympathetic and parasympathetic
fibres, especially in young animals could be differentially stained
and their area of supply could be demarcated.

By this method,

sympathetic postganglionic fibres are stained light ysllow to orange
while their parasympathetic counter parts are stained deep brown to

H.B.
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A.V.3.

I n.V.V
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N .3.

Vent.Tr.

Fig.42.

Sagittal Motion of the frog heart shoving tho nerve handles which
roach the ventriole around the A.V. opening and A.V. funnel.
(Bodlan)
_

N.3.

fig.43.

Sagittal
Note the
gives an
the fowl

section of the left ventricular vail of the domestic fowl
profusion of nerves in the section.
Photograph hardly
adequate impression of the vast richness of nerves in
ventricles.
(Qros-Sohultse)

Z UO
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blade.

And accordingly with this method Nonidea (1939, 1941, 1943)

using young puppies, dogs and rhesus monkeys and Kaylor (1945) using
1 '2.
guinea pigs, investigated the nerve supply of the heart and reached
contradictory conclusions.

The present writer, therefore, examined

three rat hearts (adult, 37 days and 17 days old) after staining with
No sides1 s (1939) modified Cajal silver method, to verify the findings
of the above mentioned authors.

He, however, found that both deeply

stained so sailed parasympathetic and lightly stained so colled
sympathetic fibres were present in the ventricular wall .

Both types

of fibres were seen in the large bundles in the proximal part of the
myocardial plexus of the ventricles (Pig.44) but the pale stained
fibres oould not be traced into the distal parts of the ventricles
as they became fiber and therefore oould not be differentiated from
the background which took the same light yellow colour.

The dark

stained so called parasympathetic fibres were observed in all parts
of the ventricles.

Fig.45 shows such deeply stained fibres in the

left ventricular wall close to the apex of the heart.

The inter-

-pretation given by Ncnides and Kaylor of the differences in the
intensity of impregnation of the nerve fibres will be criticised
later in the Discussion.

m .r

Fig.44*

Oblique section through the rut heart showing bundles of nerves in
the proximal part of the ventricular septum.
These bundles
contain both dark stained and light stained fibres.
(Nonides*s modification of Cajal technique)

X 230

N.F

*»
Fig.45-

Oblique section through the loft ventrlaul&r vail of the rat heart
close to its apex.
Segments of only dark stained nerve fibres
can be seen in the centre of the picture.
(Nonides *s modification of Cajal technique)

X 230
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Nerve oells, either singly or in the form of ganglia, are
present in the ventricles of all the animals examined.

They are

comparatively more numerous in the dog, rat and domestic fowl than
in the other animals in which there are only a few cells.

The

majority of these cells are situated in the basal portion of the
ventricular wall adjacent to the A.V. sulcus.

In the rest of the

ventricular wall nerve oells are present but they are relatively
soaroe and are found mostly singly but occasionally in groups of
two or three.

Fig.47 shows a nerve cell in the left ventricular

wall of the rat heart close to its apex.
In all animals these intrinsic ventricular nerve oells are
generally situated subepioardially (Fig.46).

In the dog, rat,

domestic fowl and frog, they are also present in the myocardium of
the ventricles (Figs. 43, 49, & 50) but such intramural nerve oells
are only occasionally found.

No intramural nerve oells were seen in

the ventriole of the grass snake, lisard and fish.

In the myocardium

nerve oells, in most instances, are disposed either singly or in nail
groups of two or three.
Intrinsic nerve cells are frequently situated along the sides
of large hindles of nerves, and fibres appear to pass from the cells
to the nerve bundle and from the nerve bundle to intermingle with the
oells of the ganglion (Fig. 51) , but these observations require confirmation
by further evidenoe.

Sometimes nerve cells are found in the oourse of

-Gang.
’Vent «Hyo

Fig.46.

Coronal section through the left ventricular wall of the domestic
fowl showing a group of ventricular subepicardial nerve cells
close to the A.V. groove.
(Bodian)

Fig.47*

Transverse section of the
nerve cell in the myocardium

X 140

L .G.
heart close to its apex showing a
jnmediately dose to the epicardium.
(Qros-Schultze)

X 1100

N.C

Fig.43.

An oblique section of the rat heart shoving intramural nerve cells
In the ventricular oeptusi.
Cells are surrounded by the nerves of
the myocardial plexus.
((fcroe-Schnltse)

X1100

Myo.

Fig.49.

A sagittal section of the left ventricular vail of the doneetic
fowl showing two intramural ventricular nerve cells.
(Qros~Schultse)

X 1100
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a nerve bundle Itself (Fig.52).
f

In moot oases the exact character of these nerve oells oould
not be ascertained with any degree of oertalnty as their processes
were frequently not clearly Impregnated with silver and remained
rather 111 defined, although the cell bodies, nuclei and nucleoli
vere distinctly impregnated.

However, it oould still be decidedly

recognised that the majority of the Intrinsic ventricular nerve cells
are multipolar In character.

The cell bodies are Irregularly

polygonal or star-shaped (Pig. 53) with round or oval nuclei and have
a number of processes which vary from three to eight.

The processes

come out from all around the cell, thus giving the cell body a
stellate appearance.

Some nerve oells, however, showed an oval or

pear-shaped cell body with round somewhat eccentric nucleus.

1 vague

single process or a number of 111 defined processes appeared to arise
from the tapering pole of such oells (Pig. 54).

Some of these pear

shaped cells are truly multipolar with all the processes emerging
from one pole of the cell.

It oould not be made out with oertalnty

whether all such pear-shaped cells are multipolar or whether eome are
unipolar.

Likewise a few nerve oelle, especially those Been along

the oourse of nerve bundles (Pig. 52), gave the appearance of being
bipolar but their true nature oould also not be established with
certainty.
The processes of the oells which appear to pass out of the
ganglion Into one of tho related nerve bundles get mixed with the
other fibres of the bundle and henee oould not bo followed for a long

N.G

Pig.50.

Sagittal section of the frog ventricle shoving an intra-mural nerve
cell in its proximal part.
(Gros-Schultse)

X 1200

r.i .

Pig. 51.

A group of subepicardial nerve cells over the left ventricular vail
of the fowl1 s heart9 close to the A.V. sulcus.
Note the capsule
of neurolemmal (satellite) cells around each nerve cell and the
intricate arborisation of nerve fibres in the ganglion.
(Qroa-Schults®)

X 750
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The exact relationship between the axon of a ganglion cell

and the structure innervated by it could not be ascertained as no
process from any of the cells oould be traced to its destination.
A large number of secondary cells resembling Schwann (satellite)
cells and connective tissue cells fora a sort of a capsule around
each ganglion (Fig.51) •

These capsular cells are more numerous in

the domestic fowl than in other animals.

Secondary extension of

this oapsule penetrate between the individual nerve cells of the
ganglion forming a sheath of satellite cells around each of them.
The preganglionic fibres coming to the ganglion form very intricate
arborisations among these satellite cells and around the nerve cells
of the ganglion.

Xt is difficult to trace an individual nerve fibre

to a particular nerve oell and to ascertain its precise relationship
with it.

However, as far as oould be made out from the study

of a number of sections, the preganglionic fibres appear to end
in the ganglion in the following way.

These fibres, many of which

divide into several branches, pass tortuously among the satellite cells
over and between the nerve cells and ultimately terminate sometimes
freely and sometimes with a slightly bulbus end in contact with the
body of the nerve oell or its oapsule of satellite cells (Fig. 51)So far as could be ascertained these endings represent the ^maptic
connections between the preganglionic fibres and the ganglion cells.

N.C

Fig.52.

A nerve oell In the course of a nerve trunk in the epioardium of
the right ventriole of the domestio fowl.
(Qros~Schultse)

X 220

K.C.

Fig. 53 • Two multipolar ventricular nerve oells in the subepioardiura of the
left ventriole of rat.
Note that the oells appear angular in shape
due to their processes which are not very clearly impregnated with
silver.
(Qros-Sohultze)

X 350

Fig. 54 •

A subepicardial pear-shaped nerve cell in the A.V. groove of the
rat heart.
Darker cells on the upper part of the picture are
the other cells of the ganglion.
Indistinct processes appeared
to have arisen from the tapering pole of the cell.
(Qros-Schultze)

X 850
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Bundles of nerve fibres emerge from the subeploardial, myocardial
and subendocardial plexuses.

These continue to divide and subdivide

Into smaller bundles until finally the nerve fibres are running
singly or In pairs.

These fibres are connected with the strands of

the terminal nerve network present In the various layers of the
ventricular wall.

Definite organised afferent or efferent endings

resembling anisole spindles or motor end-plates as found In the
skeletal muscles, were not found.

Similarly no definite nerve

endings In the form of end bulbs or loops, either In the cytoplasm
or on the eurfaee of the muscle fibres oould be discovered In the
ventricular wall.

The cardiac nerves are related to the various

components of the ventricles through strands of the fine terminal
nerve network formed by very fine beaded fibres (Tigs. 55, 56, 57 & 56).
These constituent fibres of the network are much smaller in diameter
than the fibres Been In the bundles of nerve fibres In whioh also
the fibres do not show any anastomotic connections.

One or two

relatively more deeply impregnated fibres whioh had also a varicose
appearance were observed to pass through these strands of the terminal
nerve network.

These deeply Impregnated fibres resemble the fibres

of the myocardial and other ventricular plexuses.

Many nuclei are

associated with the strands of network and there is some very faintly
impregnated cytoplasm with Indefinite boundaries around these nuclei.
These nuclei are of different sizes and shapes.

Some are round (Fig.57),

some are elongated (Fig.56) while still others are transitional between

T .Nerve NT •

Fig. 55*

Strands of terminal nerve network In the right ventricular wall of
the rat.
Note that only a few nuclei are associated with these
strands of network.
(Bodian)

X 1000

T .Nerve N.

Fig. 56.

Strands of terminal nerve network In the myocardium of the frog
ventricle.
Note the elongated appearance of the nucleus seen In
the upper strand.
(Gros-Schultse)

X 1000
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these two varieties.

A few of them appeared to be somewhat triangular.

The majority of these nuclei appear to be imbedded in the meshes of
the network, with the constituent fibres of the network lying around
thorn.

In such a strand of the network the fine beaded fibres

surrounding the nucleus give the appearance of a neurofibrillar
cytoplasmic differentiation.

In other places, however, the nuclei

are situated at the margin of the network.

Many of these nuclei,

especially the elongated ones, are probably Schwann nuclei as they
have the same appearance as those Schwann nuclei seen along the
bigger bundles.

The more rounded and the triangular nuclei are,

however, considered by many as belonging to a special type of oelle

-

known as the "interstitial cells”.
The general pattern of the terminal nerve network appears to
be the same in the ventricles of all the animals investigated, although
in the individual animal it shows a certain amount of variation between
the different parts of the ventricles.

In some parts of the ventricular

wall the strands of the terminal nerve network consist of faintly
impregnated very fine beaded fibres, running close together in a wavy
manner and almost parallel to one another with only little anastomosis
between them (Fig. 58).

In other plaoes very fine beaded fibres form

strands in which the fibres frequently anastomose with one another
and thus give the typical net-like appearance with associated nuclei
lying in the meshes of the network (Fig. 57).

In some instances

strands of network are relatively free from nuclei for a considerable
length while in other places the nuclei are closer together.

T .Nerve N .

Fig.57.

Strands of terminal nerve network in the left ventricular wall of
the fowl heart.
Note that the associated nuclei are round in
shape and
appear
to be imbedded in the network.
(Bodian)

X 1100

T .Nerve N.—I

Fig.53.

A strand of the terminal nerve network in the left ventricular
wall of the fowl heart.
Note the wavy character of the constituent
fibres which run* almost parallel to one another with only a few
anastomoses between them.
(Gros-Schultze)

X 980
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Strands of the terminal nerve network traverse the ventricular
wall in a zig-zag manner and with no particular relation to the axes
of the myocardial fibres.

As a result of their irregular oourse

only small segments of the terminal network may be seen in any
particular optical plane.

When one examines a number of sections,

one becomes convinced that these strands of the terminal nerve network
pass in various directions in the ventricular wall and Join one another
to form a diffuse tri-dimenslonal network vhich pervades the various
tissues of the ventricles and comes into contact with the effector cells
It was occasionally observed especially in Groe-Schultze
preparations that extremely thin fibres given off from the terminal
nerve network vhich appeared to enter the muscle fibres.

v

The writer

is, however, not certain of this observation.
In the subendocardiura and in the valves of the ventricles,
strands of the same terminal network are present (Fig.59), and the
closest scrutiny of my sections revealed no organised nerve endings
in these parts of the ventricles.
Apart from these strands of the terminal nerve network described
above, single thick medullated nerve fibres of a terminal character,
are also present in the ventricles.

These are seen in the myocardium

sometimes running parallel to the muscle fibres and sometimes trans:
tversely to them.
connective tissue.

They are also present in the subendocardial
These single fibres oould be followed for a

considerable distance by adjusting the focus of the microscope.

They

are generally deeply impregnated and oould not be traced to any definite
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ending.

Instead, after a variable oourse they underwent a gradual

thinning and ultimately disappeared from view (Pig.60).

Some of

these thick single fibres divide into two or three branches each of
which, likewise becomes thinner and thinner and ultimately disappear.
These thick medullated fibres are presumably sensory in nature.
The bulbus cordis which as a separate chamber is present only
in the frog, has the same type of innervation as the ventricle.
Although no discrete and definite organised nerve endings
oould be found arising from any nerve fibre, small enlargements
were occasionally observed at what appeared to be the ends of the
nerve fibres but on adjustment of the focus or on following the nerve
fibres through subsequent sections, these apparent endings were found
to be either bends or cut ends of the nerve fibres.

T .Nerve N

Plg.59.

A strand of the terminal nerve network In the subendocardial tissue
of the ventricular septum of the dog.
Note the elongated shape
of the nucleus vhioh appears to be Imbedded In the network.
(Gros-Schultse)

Fig.60.

Z 1500

A single thick medullated nerve fibre in the ventricular septum of
the dog.
Note the wavy course of the fibre and Its faint colour
In the right half.
(Gros-Schultse)

Z 840
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Of the various animals studied in the present investigation
the atrio-ventricular bundle is present only in the dog, rat and
domestio fowl*

Sven in them the speoifio musole tissue, especially

in the proximal part of the bundle is histologically rather poorly
defined.

The musole fibres of the A.V. bundle appear almost like

those of the general myocardium except that they are impregnated
more lightly in silver preparations.

In the peripheral part where

typical Purkinje fibres are present, ramifications of the bundle
oan be identified more easily.

In the domestio fowl the Purkinje

oells are situated in the myocardium as well as subendooardially
but only subendooardially in the dog.

In the ventricles of the rat

heart typical Purkinje fibres could not be seen.

The specialised

conducting system is altogether absent in the lower vertebrates like
lizards, frogs and fish, in which the atrial musculature is continuous
with that of the ventricle through the A.V. funnel (mentioned in
Part I), the musole fibres of which are histologically similar to
the rest of the myocardium.
In the dog, rat and domestic fowl, the A.V. bundle is accompanied
by nerves, both in the form of bundles of nerve fibres and of a fine
plexus.

A comparative study shows that the A.V. bundle in the rat

has the richest innervation (Pig.39) and the A.V. bundle of the dog
has the least rich innervation (Pig.6l) among these three species
of animals showing the A.V. bundle.

The nerves and the muscle fibres

of the bundle are so thoroughly intermingled with one another,

Fig.61.

Sagittal seotion through the proximal part of the ventricular
septum of the dog, shoving the main body of the A.V. bundle.
Note the paucity of nerves in the bundle and also the
differentiation of its muscle fibres from those of the septal
myocardium.
(Qros- Schults e)

Fig.62.

X 120

A high power view of the enclosed area in Fig.39 showing strands
of terminal nerve network in the proximal part of the A.V. bundle,
of the rat heart.
(Gros-Schultse).

X 1100
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•specially in the rat, that the two components together oould be
termed a neuromuscular bundle.
The peripheral Purkinje fibres appear to be without any nerve
supply, because although both bundles of nerve fibres and strands
of the terminal nerve network were sometimes observed quite close
to these terminal Purkinje fibres, they were never seen actually
in contact with them in any of my preparations.
Ho organised nerve endings of any size or shape are present
in the A.V. bundle.

Strands of fine terminal nerve network with

imbedded nuclei, similar to those found in the other parts of the
ventricular wall , are also present in the A.V. bundle (Pig.62).

/

K .1'.

Fig. 63.

An oblique Motion of tho loft ventricular nail of tho rat heart
shoving a branch of tho ooronary artery with Ito perivascular
nerve bundles.
Note that tho branches from this perivascular
plexus pass to tho vessel wall and supply lt.
(Qros-Sohultse)

Lndo

X 230

•Myo.

li.L.

Fig.64.

TransverM Motion of a branch of the coronary artery In the dog’s
left ventricular wall.
Note that the Intima and the deeper part
of the media are devoid of any nerve.
(Qros-Schultso)

X 60
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In the dog, rat and domestic fowl, coronary arteries and their
branches are surrounded by very rich plexuses of nerves, which are
known to be formed by both sympathetic and parasympathetic nerves.
Xn reptiles (grass shakes and lieard), amphibia (frog) and fish (ood
and haddock), in which the coronary arteries are relatively poorly
developed, the coronary plexuses are also rather poor.

The nerve

bundlesof these plexuses entwine and surround the ooronary arteries
in an intricate manner.

These bundles of nerve fibres consist of

both thick medullated fibres and fine apparently non-medullated
fibres.

Some are of uniform thickness and others show varicosities.

These perivascular nerves run mostly in the connective tissue
surrounding the arteries and also in their adventitial coat.
Fig.63 shows bundles of nerves accompanying a branch of the coronary
artery in its surrounding connective tissue.

Smaller branches from

the nerve bundles approach the vessel wall to supply it.

These

perivascular nerves, as had already been mentioned, not only supply
the blood vessels but they are also the chief source of the nerves
of the myocardial plexus.

As in the rest of the ventricle, there

are no organised nerve endings present in the vessel wall .

Instead,

fine strands of the terminal nerve network with imbedded oell nuclei
were observed in the adventitia and the immediately adjacent part of
the media (Fig.65)•

In addition to the strands of the terminal

nerve network, single thick medullated nerve fibres without any
definite endings

are also present (Fig.66).

Sometimes in occasional
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Fig.65.

Higher magnification of a portion of the vessel shown in Fig.64.
Note that the nerve supply of the vessel is confined to the
adventitia and the subjacent part of the media (upper half of the
photograph).
Tun . Yd .

Fig.66.

(OroB-Schultse)

X 350

Thick single nerve fibres in the adventitia of a branch of the
coronary artery.
Deeper portion of the media (left portion of
the picture) shows no nerve elements.
(Groe-Schultze)

X 900

n.
places cut ends of these thick nerves gave the appearance of a
flattened ending but adjustment of focus shoved the true nature of
such apparent endings.

These single thick fibres become gradually

thinner and more faintly Impregnated with silver, and ultimately
disappear.
The nerve supply of the ooronary arteries appears to be limited
to the adventitia and the immediately adjacent part of the media as
no nervous elements were seen in the depth of the media nor in the
intiaa (M.ge.64 & 65) .
In the myooardium of the dog, rat and domestic fowl, there is
a rich network of capillaries.

These capillaries of the myocardium

run mostly in the direction of the muscle fibres and are connected
with one another by transverse branches.

The capillaries are so

profuse that muscle fibres and capillaries almost alternate with
one another.

In dose relation to the capillaries there are strands

of the same terminal nerve network vhich supplies the other components
of the ventricles.
with capillaries.

Figs. 67 and 68 show such strands in contact
This nerve network surrounds the capillaries but

never, as far as oould be seen, gives rise to a nerve ending on the
capillary wall.

Cap •

-T .Nerve N

Pig.67.

Strands of terminal nerve network with associated nuclei are seen
In relation to a capillary in the left ventricular wall of the
rat.
(Qroo-Schultae)

X

1200
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3
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flg»68'

Strands of terminal nerve network, surrounding a capillary In the
proodnal part of the left ventricular wall of the rat.
(Oroo-Sohultse)

X 1200
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DISCUSSION

Although the basic anatomical scheme of innervation of the
o&rdiac ventricles In all vertebrates Is similar, the mode of entrance
of the nerves to the ventricle In the lover vertebrates appears to
differ slightly from that In the higher.

In the lover vertebrates

(reptiles, amphibia and fish), most of the nerves enter the ventricle
Independently of the coronary arteries, whereas In the higher
vertebrates (mammals and birds) the majority of the nerves have been
found to reach the ventricles through the pleocuses surrounding the
coronary arteries and their branches as noted by previous workers
for mammals (Lee, 1849}

Woollard, 1926)

1952, and Mitchell, 1956).

Stohr, 1932}

Davies et al.,

This difference Is probably due to the

fact that the ooronary arteries in the lover forms are comparatively
rudimentary and are for the most part limited to the relatively compact
cortical portion of the ventricular vail, the deeper portion being
spongy.

In the frog the ooronary arteries are completely confined to

the bulbus oordis.

As these arteries become more developed and

branched In association with the evolution of the ventricular vail vhich
becomes more compact In the higher forms, they are more widely utilised
by the nerves as highways to the various parts of the ventricles.
Most Investigators of cardiac Innervation have noticed as the
writer did, that large bundles of nerve fibres are arranged In a
general plaxiform manner In the epicardium, myooardium and endocardium
before their ultimate distribution to the various parts of the ventricles
(Woollard, 19261

Stohr, 1932;

Toheng, 1951, and Mitchell, 1956).
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Rich innervation of the ventricles as observed in the present
investigation, has also been recorded by other workers (Woollard, 1926;
Boeke, 1932 and Stohr, 1932).

In the literature, however, there

appears to be little recognition of the relatively very rich nerve
supply of the avian ventricles.

In the domestic fowl they are so

richly innervated that every low power microscopic field of a section
through the ventricular wall was literally studded with nerves.
Xt is difficult to assign any reason for this vast richness of the
ventricular nerves in the bird .

The writer, however, is of the

opinion that since the avian heart, especially that of the flying bird,
is the most rapid beating of all vertebrate hearts, it probably
requires a very sensitive regulation of its function, and hence the
richness of its innervation*
The idea held by many workers that the ventricles are supplied
only by the sympathetic or by the parasympathetic and not by both,
has been debated by others.

Woollard (1926) and Nonides (1939, 1941>

1943) found that the ventricles were supplied predominantly by the
Sympathetic and received no or very few, if any, parasympathetic
fibres.

Kaylor (1945) and Lavrentiev (1946) found only parasympathetic

vagal fibres in the ventricles.

Using Nonides's (1939) technique and

his interpretation of the result obtained by it, the writer has found
in three rat hearts that both sympathetic and parasympathetic fibres
supply the ventricles.

This agrees with the observations of Blackball-

Mori son (1926) and Tcheng (1951) who also found both excitatory and
inhibitory nerves in the ventricles.

- n The writer agrees with Nonidea (1939) and Kaylor (1945) that
sone of the nerves of the heart are impregnated faintly and some
deeply by the Nonidea technique.

These fibres have been interpreted

by Nonidez as sympathetic and parasympathetic respectively.

The

writer has noted, however, that occasionally the same fibre may stain
faintly in one place and deeply in another, and that only the thicker
nerve fibres are impregnated by this technique.

These points taken

in association with the discrepancies in the findings obtained by
other workers using this technique indicate that the results obtained
by this technique are to be considered unreliable.
As regards the topography of the intrinsic cardiac ganglion
cells, it is generally believed that in the mammal, the nerve cells
are confined to the atrial epicardium (Meiklejohn, 1914;
Stohr, 1932, 1957}

Srfco, 1936 and Sato, 1954)*

Woollard, 1926;

Howovar, Uoollard

did find ventricular epicardial nerve cells in the grass snake.
Bevies et al (1952) found ventricular epicardial nerve oells only In
Artiodaotyle and Cetacea among the many orders of mammals studied by
them.

There are others who describe a more widespread distribution

of the cardiac nerve cells, extending to the ventricles also (Berkley,
1894$

Mollard, 1908$

Wilson, 1909$

Jones, 1927;

Toheng, 1951 and Mitchell et al, 1953) •

King, 1939;

The writer likewise has

found intrinsic nerve oells in the ventricles of all the animals he
has examined except in the ventriole of fish.

As the writer has not

had much success in staining the nervous dements in the fish ventriole
for the reasons already stated, he puts no reliance on the present
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negative finding in the fish
Woollard (1926) and Davies et al. (1952) contended that all
cardiac nerve cells are situated only subepioardially and denied the
presence of intramural nerve oells.

The candidate, however, agrees

with King (1939), Tcheng (1951) and Mitchell (1956) that intramural
nerve cells, though relatively few, are definitely present in the
ventricles of the higher vertebrates.

Thus from a review of the

literature and from the present findings I feel it is safe to conclude
that intrinsic nerve cells, though few in number, are present in the
cardiac ventricles.

They are situated mostly subepioardially,

particularly dose to the A.V. sulcus and are also present intramurally
in the ventricles of birds and mammals (Figs. 48 and 49) •
The majority of the ventricular ganglion oells found in the
present investigation, appeared to be multipolar in character, although
four or five cells were observed which were possibly unipolar or
bipolar in form.

The presence of unipolar or bipolar nerve cells

oould not, however, be established with certainty.

Woollard (1926)

noted that the cardiac nerve cells are principally multipolar and
only occasionally unipolar.
cells in the cardiac ganglia.

Berkley (1894) observed some bipolar
Davies et al., (1952) found that the

epicardial nerve cells are mostly bipolar or unipolar in type, only
a few being multipolar whereas those related to the A.V. bundle are
principally multipolar, only a few being bipolar or unipolar.
Mitchell et al.,(l953) concluded that ventricular epicardial nerve
oells are predominantly multipolar.

It should be noted in this

connection that often it is difficult to decide to what type a nerve
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cell belongs, since their processes often do not lie in the same
optical plane as the section and also are frequently not very clearly
impregnated with silver.

Furthermore it has not been possible to

trace the processes of an individual cell to their destination.
I think these points may account for the variations in the findings
of different investigators.
Various types of sensory endings have been described in the
heart by different investigators.

Woollard (1926) saw free and

brush-like endings in the epicardium and endocardium.

He also

found the long single dendrite of some of the intrinsic nerve cells
terminating as a complicated nerve net which he interpretated also
as a type of sensory ending.

Stohr (1932, 1957) described encapsulated

and arborising endings in the epicardium.

Muscle spindles and

encapsulated sensory endings in the rat ventricles were described by
King (1939).

Nonides (1941) found minute bulb and loop-like endings.

Davies et al., (1952) have noted only simple knob-like sensory endings
in the epicardium and endocardium.

No such organised sensory endings

were seen by the writer in any of his preparations.

He has, however,

observed single thick apparently medullated fibres presumably sensory,
which run very tortuously and gradually become thinner and finally
disappear from view.
ventricles.

They are present in all the layers of the

Sometimes such a fibre divides into two or three branches

each of which similarly becomes thinner and gradually disappears.
Seto (1936), Davies et al.,(1952) and Sato (1954) have also recorded
similar findings.

In addition to these single medullated fibres
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strands of the terminal nerve network, to be discussed presently,
vere also observed in all the layers of the ventricular wall
including the subendocardial tissue and the valves.

A similar

distribution of the nerve network is also described by other workers
(Stofar, 1992, 1997;
1993;

Landau, 1990;

Meyling, 1948, 1993;

Sato, 1994 aud Holmes, 1996, 1997).

Mitchell,

Recently Mulligan (1997),

using Gres-Schultz© technique, has observed cords of nervous terminal
reticulum with associated nuclei in the ligaments attached to the
vertebral bodies of the doge

He believes these cords of reticulum

to be the end-formations of the autonomic nerves in these ligaments.
Apart from these cords of terminal reticulum he has also found nerve
fibres which end by tapering or by unravelling of fibrils and these
he considers as probably receptor in character.

These findings

indicate that the terminal nerve network is partly sensory in character.
As regards the termination of the myocardial nerves, I oould
find no organised ending lying either on the surface of the muscle
cells or inside their protoplasm, similar to those observed by eome
of the previous workers.
1939, 1941, 1943;

(Woollard, 1926;

King, 1939;

1951 and Davies et al., 1952).

Jones, 1927;

Nonidez,

Stotler and McMahon, 1947;

Tcheng,

Apart from the single medullated

fibres Just discussed, the only other terminal nervous structure I
did find consisted of strands of the terminal nerve network.

These

strands consist of a network of very fine nerve fibres associated
with nuclei surrounded by scanty faintly impregnated cytoplasm.
Zn some places one or two relatively more deeply impregnated beaded

- ax fibres were seen running through the fibrillar nerve net comprising
these strand8.

These deeply stained fibres are considered by Meyling

(1953) to be the terminal ramifications of the extrinsic cardiac nerves
and the postganglionic fibres of the intrinsic cardiac ganglion cells
making connections with the terminal nerve network.

These strands

of the terminal nerve net are present in all the layers of the
ventricular wall.
The idea of a terminal nerve network is not a new one and many
other previous workers have observed it in the cardiac ventricles and
also in the other vegetatively innervated visoera.
regard

it as the ultimate end-formation

a viseus (Stohr, 1934, 1935, 1957$
Li 1940;

Akkeringa, 1949;

Meyling, 1938, 1948, 1953;

They similarly

of the autonomic nerves in

Boeke, 1932, 1949;

Field, 1951;
Sato, 1954;

Hon jin, 1956, and Holmes, 1956, 1957;

Seto, 1936;

Mitchell, 1953, 1956;
Kuntz and Napolitano, 1956;

and Mulligan, 1957).

The

terminal nerve network observed in the present investigation is
morphologically the same as the "pre-terminal and terminal reticulum"
of Stohr and Reiser, the "sympathetic ground plexus" of Boeke and
the "neural net" of Hbnjin.
Nonidez (1936, 1937 and 1939), on the other hand considers that
this terminal network is not neural in character but is formed by
argyrophilic reticular tissue.

Boeke (1938, 1949) and Meyling (1953)

have answered this criticism and stated that the argyrophil reticular
fibres have quite a different appearance to that of the terminal nerve
network.

The writer agrees with this view of Boeke and Meyling as
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he has also seen, In some of his discarded Qros-Schultze preparations
in which the connective tissue fibres were stained, that the connective
tissue fibres had a peculiar appearance of their own and were
irregularly scattered all over the sections and were not arranged
In strands as are the fibrils of the terminal nerve network.
Weddell and Zander (1950, 1951) believe that the terainal nerve
network Is an artefact due to formalin fixation.

Mitchell (1953) has,

however, shown that this view Is Incorrect as he oould stain the nerve
network and Its associated cells with intravital and supravital
methylene blue, In tissues which have not been treated with formalin
at any stage of their preparation.
The individual organised nerve endings seen by some of the
previous workers are regarded by others, who believe In the presence
of a terminal nerve network, as artefacts due to imperfect Impregnation
of the nerve network.

v

The mode of formation of the terminal nerve network and the
character of the cells associated with It are likewise a matter of
controversy.

Stohr (1935, 1957) , Seto (1936), Sato (1954), and Kuntz

and Napolitano (1956) believe that the network is formed by the
terminal ramifications of the sympathetic and para sympathetic posts
s ganglionic fibres and Is associated with Interstitial cells and
Schwann cells.

Hillarp (1946) regards It as composed of Schwann

plasmodlum with individual sympathetic and parasympathetic post:
sganglionic fibres running through the plasmodlal network.

Li (1940),

Akkerlnga (1949), Meyllng (1953) and Hon jin (1956) regard that the

* S3

terminal nerve network is composed of the Interlacing processes of
nerve cells, oalled interstitial oells and that the ortho and
parasympathetic post-ganglionic fibres make synaptic connections
with it.
Regarding the cells which are present in association with the
terminal nerve network, Stohr (1935, 1957), Boeke (1949), Mitchell (1956)
and others think that both interstitial oells and Schwann oells are
n

present in the terminal nerve network.

Stohr and Mitchell regard

as interstitial oells only those which are situated at the intersections
of the strands of the network and the rest are regarded by them as
Schwann cells.

Akkeringa (1949), Meyling (1953) and Hon Jin (1956)

however, are of the opinion that all cellular elements of the terminal
nerve network are interstitial cells.

Leeuwe (1937) and Champy, et

al., (1945-46) after a detailed study with various techniques also
arrived at the same conclusion namely that the oells are all neural
in character and not neurilemmal sheath oells or connective tissue
cells.
Some workers (Woollard, 1926, and Nonides, 1936, 1937, 1939,
1944), it may be pointed out who deny the very existence of a terminal nerve
network and regard such a network as composed of argyrophil connective
tissue fibres, believe that the oells present in association with
the network are connective tissue cells.
It

is rather difficult to give a definite answer to these

controversial questions from the findings of the present investigation
in which only silver impregnation techniques were used and no experimental

84
vork was done.
The specialised conducting tissue of A.V. bundle is absent in
the ventricle of the lower vertebrates.

The writer oould not find

muscle fibres histologically different from ordinary cardiac muscle
fibres in the ventricles of the grass snake, green Heard, frog and
the fish, such as are found in the dog, domestic fowl and rat.

This

confirms the observations of Davies and Francis (1941 and 1946) and
Davies (1942) who likewise found that the specialised conducting
tissue is present only in the higher vertebrates via. birds and
mammals.

On the basis of this finding, Davies postulated that the

cardiac conducting system has evolved simultaneously with the more
rapid rate of the heart in these homoiothermal animals.

Davies, et

al.,(1952) oould not also find any specialised conducting system in
the crocodilian heart.
The nervous elements of the A.V. bundle of the animals in whioh
the conducting system is present, differ from species to species.
In the present investigation it has been found that the rat's A.V.
bundle is profusely innervated whereas that of the dog has only a
few nerves in it (rigs. 39 & 6l). Melkl.jobn (1913) and Field (1951)
have described a similar species difference in the nervous component
of the conducting system.

Blair and Davies (1935) found a rich

innervation of the conducting system of the ox heart but a relatively
poor innervation in man.

Tcheng (1951) found only a few nerve fibres

in the main A.V. bundle of the dog and the branches of the bundle
were devoid of nerves.

Davies, et al., (1952) while studying the
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ventricles of many mammalian orders observed numerous nerves accompanying
the A.V* bundle in Artiodaotyla and Cetacea, but only a few nerves
with the A.V. bundle in the other mammals investigated by them.
The appearance presented by the terminations of nerve fibres
in the A.V. bundle, as elsewhere in the ventricular wall, has been
variously interpretated but no interpretation has been generally
accepted.

Stotler and McMahon (1947) have observed discrete flattened

and complicated nerve endings in the proximal part of human A.V.bundle .
Davies et al.,(1952) found two types of endings in relation to the
muscle fibres of the A.V. bundle .

The first type was a fine plexus

of nerve fibres, applied on the surface of the muscle fibres*
consider

this fine plexus as sensory in nature*

They

The second type

was a simple knob-like ending, which was seen on the surface of only
some of the bundle muscle fibres.

They suggested that this second

type of ending might be motor in nature.

Nonides (1943) described

ring-like and reticulated endings in the A.V. bundle of the monkey*
In the present investigation, I have observed in the A.V* bundle of
the rat, dog and domestic fowl, strands of the same terminal network
with associated nuclei as observed in the other parts of the ventricular
wall.

Akkerlnga (1949) and Meyllng (1953) have recorded a similar

finding.

Field (1951) who has investigated the nervous component

of the A.V* bundle in a number of mammals, observed that individual
endings are •conspicuously absent” in the A.V. bundle.

Instead he

reported the presence of a network of fine nerve fibres*
I could not, however, see this terminal nerve network in contact
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with the peripheral Purkinje fibres, as was found by Meyling (1943)
and Akkeringa (1949) • although I have observed strands of network
lying very close to them.

Nonides (1943)» Stotler and McMahon (1947)

Tcheng (1951)and Davies et al.,(1952) also did not find nerve endings
in relation to the peripheral Purkinje fibres.

Zn the opinion of

Stotler and McMahon, the terminal Purkinje fibres are entirely devoid
of nerves but Davies et al.,(1952), like me, found nerve fibres lying
close to these cello but they vere not seen to end in any particular
relationship with than.

Some of my sections, however, contained

structures which at first sight gave the appearance of email bulbus

x

endings of individual nerve fibre but on scrutiny the appearance of
such endings was found to be due either to the cut ends of the fibres
or to the sudden bending of the fibres.
As regards the innervation of the coronary arteries X have
found, especially in the bird and mammal, rich perivascular plexuses,
similar to those observed by others (Uoollard, 1926;
and Davies et al.,1952).

Stohr

1932;

However, it appears to me that the vascular

innervation is limited to the adventitia and the subjacent part of
the media.

X could find no nervous structure in the deeper part of

the media and in the intima, although Woollard (1926), described an
enormously rich supply of the finest norwaedullatod nerve fibres in
the muscular coat.

Davies and Blair (1935) claimed to have seen

intracytoplasmic nerve endings in the muscle oells of the media.
Boeke (1932) observed that in the arteries single nerve endings could
only rarely be found between the muscle cells of the media and he
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took them to be artefacts due to vagaries of technique.

Davies et

al., (1952) like Boeke could only occasionally find nerve fibres
entering the media of the arteries.
no endings in the wall

Field (1951) also could find

of the coronary arteries.

The only types

of ending I oould find, and these were confined to the adventitia
and the subjacent media, were thick medullated fibres which gradually
became thinner and thinner and finally disappeared and the strands
of the terminal nerve network.
in the wall

Similar thick tapering nerve fibres

of the coronary arteries have also been described by

Woollard (1926) and Davies et al.,(l952), although they oould find
no terminal nerve network.
endings.

Instead they found small bulb-like nerve

Structures resembling such endings certainly occurred in

my preparations but on close examination they proved to be artefacts.
Woollard (1926) expressed the opinion that the capillaries are
entirely without any nerve supply, while others (Davies and Blair,
1935, Nettleship, 1936, Field, 1951, Davies et al., 1952,
1953) have described a rich oapillary innervation.

Meyling,

Many observers

are convinced that the capillaries of the heart are accompanied by
strands of the terminal nerve network (Meyling, 1953, Stohr, 1957)
and the present investigation has corroborated this finding.
It is Interesting to note that certain invertebrates like
the Coelenterate, have no organised central nervous system but have
a network of nerve fibres with ganglia, which runs diffusely and
almost uniformly throughout the body.

Meyling (1953) and Mitchell (1956)

have compared such a network in the Coelenterate

with the terminal

*
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nerve network found In the vegetatively innervated organs of the
higher animals.

This similarity between the terminal nerve network

of the vertebrates and the primitive nervous system of the animals
like Coelenterates suggests that it is very probable that the
autonomic end-apparatus of the vertebrates has remained evolutionally
in a relatively unchanged primitive state, although the rest of the
nervous system, both somatic and autonomic, has undergone a process
of gradual evolution reaching its highest development in the primates
and especially in man.

SUMMARY

39 *
SW4MARX

(1) Intrinsic innervation of the oardiao ventricles of the
representative classes of vertebrates were studied by
Qroe-Schultze method and Bodian’s activated Protargol method.
Three rat hearts were also studied with Nonides1 s method.

(2) Xn the higher vertebrates, most of the ventricular nerves
travel along the coronary arteries and their branches, whereas
in the lower vertebrates most of the nerves reach the ventricle
independently of the vessels.

(3) Larger nerves are arranged in a plexiform manner in all the
three layers of the ventricular wall.

(4) Vertebrate ventricles are richly innervated but comparatively
the avian ventricles have the richest nerve supply.

(5) Intrinsic autonomic ganglion cells are present in the ventricles
of all animals examined except the fish.

These nerve oells are

situated mostly subepioardially, but a few are also present
within the substance of the myocardium of the dog, rat, domestic
fowl and frog.

Intramural nerve oells were not encountered in

the ventricles of lizard, grass snake and fish.

(6) The majority of the intrinsic ventricular nerve cells are multipolar
in character.

A few oells are probably unipolar or bipolar in

form but their exact nature oould not be ascertained with certainty.
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(7) No organised discrete nerve endings are present in the ventricles.
Instead a tridimonsiohal terminal nerve network with associated
cells is present in all the layers of the ventricular wall.
Apart from the terminal nerve network, thick single medullated
fibres of a terminal nature but without any organised endings
are also present in all the layers of the ventricular wall.

(8) The bulbus cordis as a separate chamber, is present only in the
frog amongst the animals investigated and has the same pattern
of innervation as that of the ventricle.

(9) Specialised conducting tissue of the A.V. bundle is present only
in the ventricles of the higher vertebrates vis. birds and mammals
and is not found in the ventricle of the lower vertebrates.

(10) There is a species difference in the nervous component of the A.V.
bundle of the animals in which the conducting system is present.

(11) Coronary innervation is confined to the tunioa adventitia and
the subjacent part of the media, in vhioh the same terminal nerve
network and single medullated fibre of a terminal nature are
present.

Capillaries are surrounded by strands of the same

terminal nerve network.

(12) It is postulated that the autonomio end-formations in the
vertebrate animals have evolutionally retained a primitive
morphological character while the rest of the nervous system
has undergone higher development.
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ADDENDUM

Since completing thie Thesis I have had the opportunity to
consult Sir Russell Brook’s recent vork entitled 'The Anatomy of
Congenital Pulmonary Stenosis" (1957) .

Xn this vork he briefly

describes both the comparative anatomy and the normal muscular
architecture of the bulbus cordis.

He regards that the bulbus

oordis is present in both Teleostian and Elasmobranch fish, whereas
in this Thesis I have considered that the bulbus is not apparent in
the adult Teleostian heart;

and furthermore X have expressed the

belief that it is replaced, both morphologically and functionally,
by the bulbus arteriosus.

The question of nomenclature of the

chamber of the vertebrate heart, immediately cranial to the ventricle
has been discussed in considerable detail in Part I of the Thesis.
In connection with the arrangement of the muscle fibres of the
right ventrlole, Sir Russell remarks that the superficial fibres
consist of transverse loops which continue over both ventricles.
Xn all avian and mammalian hearts, however, which were dissected for
the present investigation, I have been unable to confirm tjri.s
arrangement.

Hy invariable finding was that the fibres of the

superficial layers (superficial bulbospiral and superficial sinospiral)
pass over both ventricles and are orientated longitudinally vith a
slight spiral inclination towards the left and not transversely as
Sir Russell states.

X have described that the fibres of these layers
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pass from their origin at the base of the ventricles towards the
apex of the heart where they converge and form the two horns of
the vortex.

This orientation, I considered, was adequately

demonstrated in Fig.27 which is a photograph of the superficial
muscle layers of the sheep heart, and shows the longitudinal
disposition of the fibres of these layers.

Fibres of the deeper

layers (deep bulbospiral and deep sinosplral), however, are arranged
rather transversely (Figs.30 and 31).
I have never been able to identify clearly the infundibulum
as a well demarcated part of the right ventricle, as indicated by
Sir Russell, in any of my dissection of the avian and mammalian
ventricles.

In all my specimens, I have found that the muscle

fibres of both superficial and deeper layers are arranged in the
same respective planes, both over the infundibulum and the right
ventricle proper;

and no line of demarcation between the two can

be made out (Figs.27 and 30).

In the interior of the ventricle,

likewise, no particular arrangement of the muscle fibres can be
Identified which demarcates the infundibulum from the right ventricle
proper, except that the inner surface of the former is smooth and
that of the latter is trabeoulated.
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