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INTRODUCTION

The most fundamental fact concérning the physiology of
the vascular system is that the blood travels in a circle or
circulates. This discévery was made by William Harvey (1628).
It is the more remarkable, since it is evident that Harvey
demonstrated the functional existence of capillaries long
before they could be shown to exist anatomically (Malphighi,
1661)., The problem that presented itself as a result of
Harvey's discovery, was to determine the mechanisms by which
the circulation of blood 1s controlled. Considerable advance
has been made in the solution of the problem, but it is far
from solved and each new discovery seems to complicate, rather
than simplify, our knowledge of the mechanisms that control
circulation. While we cannot aspire fo definitely clear up
this fundamental problem; it is hoped that the following work
will contribute a few facts that will share in its final
elucidation.

The circulatory system of a vertebrate may be divided,
'according to our present day concéptions, into a number of
subordinate systems or organs. This division 1s based on
anatomical and physiologlical considerations. There is in
every case a propulsive organ, the heart; a distributive organ,
the system of arteries; an organ for interchange of substances,

the capillaries and lymphatics; and an organ for collecting



blood and returning it to the heart, the venous system,
(Krogh, 1929). Much work had been done to determine the rdle
played by each of these individual parts iIn controlling the
circulation of blood. The factors by which these subordinate
parts of the system are controlled, are belng extensively ine
vestigated at the present time. Most of this work concerans
itself with the mechanisms responsible for variations of short
duration in the relative size or dlameter of small and large
vessels, in the rate of flow of blood, and of the pressure in
the varlious parts of the system. Comparatively little
physiological work has been done to show what factors operated
to bring about some of the drastic morphological and physiological
changes in the vascular system that occurred during phylogeny.

One of the most interesting episodes in the phylogeny of
vertebrates deals with the change from water to land forms.,
This entailed a profound modification of the vascular system.
It meant the development of a new respiratory organ and the loss
of the old one. Fortunately, there exist to~-day a number of
forms of Amphibia that reproduce for us this chapter in our
phylogenetic history. The period in the ontogeny of an
emphibian that depicts this chapter in phylogeny is known as
the metamorphic period. Most of the changes that take place
during this period are all well known and will not be dis-
cussed here. Corresponding to this change in Amphibia, there
occurs during the development of nearly every pulmonate

vertebrate, a shifting of the respiratory function to the lungs.
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Many of the vessels which carry blood low In oxygen content

before this shifting, afterwards carry oxygenated blood and
vice versa. The resulting vascular changes are usually ex-
plained by the assumption that they are due directly to the
alteration in blood pressure or other mechanical processes
such as negative pressure in the thorax.

While the shifting of the site of oxygenation of blood
occurs during the ontogeny of all vertebrates above fishes, 1t
1s in the Amphibla that we find the most complete picture of
this chapter of our development., When an amphiblan changes
from an environment of water to one of alr, it 1s necessary
to shift the respiratory surfaces from the gills to other
organs. This involves the most radical modificatlion of the
vascular system. An attempt will be made in this work to deter-
mine some of the factors or mechanisms that bring about these
ontogenetic morphological changes in the vascular system,

Before venturing into the physiology of these changes, it
1s necessary, first, to have a clear picture of the most minute
details of the morphology of the vascular and respiratory systems
in the larval amphibiah; and second, to know precilsely what
morphological changes occur. The first part of the paper will,
therefore, be a detalled description of the vascular and re-
spiratory systems of larval and adult forms. The morphological
relations of the nervous system to the vascular system, in so

far as it has been demonstrated, will also be given in this



part of the paper. The second part of the paper will describe
the physiology of the branchial circulation: The first section
will deal with the nervous control of branchial circulation,
the second section with the humoral control of circulation.

It 1s hoped that a study of the various parts of the
vascular system involved in the changes,and thelir reactlions to
nerveous and humoral stimuli will lead to certain facts that
might enable us to dlscover the causes for thsese changes.

Spe cifically, then, these problems have been formulated:

l., What are the factors that cause the glll vessels to be
obliterated and other vessels to take their place as resplratory
vessels; and

2., What relationship is there between the morphogenetie process

of gill reduction and the vascular reactions?
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I. THE MORPHOLOGY OF THE RESPIRATORY PORTION OF THE BLOOD
VASCULAR SYSTEM IN AMBLYSTOMA TIGRINUM LARVAE.

The physiological section of this paper wopld be quite un-
intelliglible without a knowledge of the morphology of the
animal used in these experiments. For this reason, a few of
the essential morphological facts will be reviewed. While the
entire description is based upon the investigations and
dissections of the author, many of the facts to be presented
here have been described previously. An attempt will be made
to glve credit where credit is due., The few facts which have
not been described elsewhere, to the author'!s knowledge, will be

sumarizd at the end of the morphological section.

A. The Heart.
General

The heart of a fish is usually described as a two-chambered
heart. It receives only reduced (venous) blood and has the task
of pumping this in one continuous circuit through the gills and
systemic vessels. The Dipnoi are exceptlons, in that the atrium
and bulbus cordis are partially divided in correlation with the
development of lungs., The division of the atrium and bulbus cor-
dis 1s carried even farther in Amphibla. In the Reptiles, the
heart 1s almost completely divided into the four-chambered heart,
such as found in Birds and Mammals. It is clear that the phylo-

genetic development of septa in the cardiac tube was an attempt
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to separate pulmonary from systemic blood. This was carried
to completion only in Birds and Mammals. Benninghoff (1933)
surmarizes this as follows:

1. Branchial heart, (Fishes).
2. Branchial-lung heart, (Dipnog).

3. Branchial-lung-skin respiration heart, (Amphibia).
4., Lung-heart with limited respiratory capacity of lungs,
(Reptiles).
5. Lung-heart with full respiratory capacity of lungs, (Birds
and Mammals).
Specific.

The morphology of the heart and aortic arches in A, tigrinum
have been briefly described in previous papers. (Boas, 1882 and
Figge, 1930). These will be reviewsd and certain details added
that are necessary to appreciate the physiology of these struc-
tures.

A, tigrinum, there 1s a septum that divides the atrium
into two unequal parts. The systemic and cutaneous velns empty
by way of the sin?s venosus into the larger more cephalad
portion (right atrium), while the pulmonary veins open into
the smaller portion. There is no septum in the ventricle, but
the trabeculae carnae form a reticulum in the cavity of the
ventricle which tends to minimuze the mingling of the two types
of blood., (Zullich, 1930; Kingsley, 1917). The bulbus cordis
is also separated into a pulmonary and systemic portion by a
spiral fold. This causes the blood from the right atrium to
be sent to the lungs, while most of the blood coming from the
lungs 1s sent to the carotid arch, (Bricke, 1852; Sabatier,

1873). Quite recently, Zullich has described the heart of A.



maculatum, It 1s a much more detailed deseription than the
above, but cbincides at all points. On the basis of obser=
vations made on the living heart, he also concludes that the
spiral fold tends to keep the two kinds of plood (pulmonary and
systemic) separated., It was to emphasize this point that a
description of the heart was included in this paper, because

many of the conclusions and hypotheses are based on this fact.

Be The Aortic Arches in the Larva.

In the larval form, four aortic arches are present on each
side, They correspond to arches three, four, filve, and six of
the vertebrate scheme. Arches three, four, and five carry
blood to a gill, while the sixth arch forms a direct commtinica-
tion . between the heart and the lung. All of the aortlic arches
are interrupted by an anastomosis. The size and arrangement of
the vessels forming this anastomosis vary, but are character-
istic for each arch. They will be described later. The aortic
arch or primary clrcult consists of a large ventral vessel
taking origin from the bulbus arteriosus, and a large dorsal
vessel that joins one of the radix aortae, and an inter-
mediate communicating anastomosis. The afferent and efferent
branchial vessels are connected to the arch near the ventral
and dorsal connections of the anastomosis respectively,

(See Figs. 3, 5, 18) The afferent branchial or distributing
vessel of each glll sends an arteriole into each gill filament.

This arteriole extends as a continuous vessel around the



margin of the filament. A large number of capillaries connect
the afferent and efferent limbs of this arteriole, forming a
caplllary network between the two limbs of the arteriole loop.
(See Figs. 10, 11, and 18)., The efferent arterioles unite to
form the efferent branchial vessel which conveys the blood to
the dorsal portion of the aortic arch. This break-up and re-
collection in the external gill is known as the secondary or
branchial eircuit.

The individual aortic arches and gills will be described
in detall. It has already been mentioned that the aortic arch
or primary circult consists of large ventral and dorsal portions
connected in the larvae, by an intermediate anastomosis that
varies in form and size in different arches of the same animal,
(See Figs. 4, 5, 6 and 7). The anastomoses on-corresponding
arches of different animals, however, show considerable

uniformity.

The Third Arch Anastomosis,

The anastomosis on the third aortic arch is better
developed and more extensive than any of the others, This is
the carotid arch and is associated with the first gill. The
anaétomosis consists of a number of small arterioles that take
origin from the large ventral portion of the arch. Two or three
of these may unite to form a larger trunk; or a single arteriole
may extend from the large ventral vessel to a large vessel that
lies just dorsal to 1t. This large vessel must also be con-
sidered to be a portion of the intermediate anastomosis, Its

dorsal end communicates with the efferent branchial vessel which,
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at the point of junction, becomes the dorsal portion of the
carotid arch. The ventral end of this large anastomotilc

vessel communicates with the ventral or external carotid.

(See Pig. 4)

The Fourth Arch Anastomosis.

The intermediate anastomosis of the fourth sortic arch,
or the second gill arch, is also well developed. (This
anastomosis later forms a part of the large systemic arch).
The anastomosis consists of a number of small arterioles that
take origin from the ventral portion of the arch., These
unite to form a vessel of consliderable size that passes
dorsally to communicate with the junction of the efferent
branchial artery of the second gill and the dorsal portion
of the fourth aortic arch., (See Fig. 5).

The Fifth Arch Anastomosls.,

The fifth arch anastomosis is not well developed, and
this arch is eliminated at the time of metamorphosis. It
consists of only a few small arterioles, sometimes only two
or three take origin from the ventral portion of the arch.
These may unlte to form a vessel that communicates with the
junction of the efferent branchlal and the dorsal portion of
the aortic arch; or it may unite with one of the collecting

branches of the efferent branchisl vessels. (See Fig, 6)



The Sixth Arch Anastomosis,

The anastomosis on the sixth or pulmonary arch consists,
in the author's opinion, of two portions: & bi-pclar anastomosis
that corresponds to a branchial circult, and a uni-polar anas-
tomoslis that corresponds to the true 1nFermediate anastomosis
of the sixth aortic arch. The ventral portion of the pulmonary
arch divides, as soon as it comes in contact with the viscer-
al arch, into a large vessel that ramifies in the gill blade,
and one or two small arterioles that follow the visceral arch.
The large vessel that ramifies in the gill blade is considered
to be homologous to the afferent branchisal vessel. The
numerous branches of this vessel reunite In the dorsal
portion of the gill blade to form another large vessel which
is homologous to an efferent branchisl vessel. This joins
the dorsal portion of the aortic arch. The ventral and dorsal
portions of the arch are alsc connected by the small vessels

that sccompany the visceral arch., These are smaller and
| appear to be constricted where they communicate with the
ventral portion of the arch. The pulmonary artery takes
origin from the dcrsél;portipn of the aortic arch. The
extreme dorsal portion is called the ductus arteriosus.
(See Fig. 7).

The foilowing facts are significant and will be referred
to later. In the larval state, the anastomosis on the carotid
or first gill arch 1s best developed and has the greatest
capacity for shunting blood directly from the ventral to the
drsal portion of the arch. The fourth or systemic arch is

=10~



next in this respect, while the anastomosis on the fifth
arch is able to transmit only a relatively small quantity of
blood.,

c. Gills.

The only work that deals specifically with the gills of
A, tigrinum is one published in 1895 by Clemens, He made an
historical survey of the work on giils in general. From this
and his own work, he campared the different forms of external
gills in both fishes and amphibians; and he contrasted them
to the internal gills in these forms. In spite of the
generainature of the work, the description of the gills in
A. tigrinum was given in considerable detaill, and agrees at
all points with the following description which was written
independentlye.

The gllls consist of two main parts: the glll stem and
the glll filaments., The gill stem is & lateral projection
from any gill arch. (See Fig. 23). It is made up of skin
and loose hydrated connective tissue, in which the afferent
and efferent branchial vessels are found. (See Fig. 8)
Branches of the vagus and glossopharyngeal nerves pass out
into the stem of the gill. These nerves have been traced
to the skin of the stem, to the large branchial vessels,
and even into the filaments. Large nerve branches also
supply the levator and deprezsor arcuum muscles. The de-
pressor arcuum muscle extends almost to the tip of the gill

stem. (See Fig. 8) It is attached to the skin and vessels



along the course of the afferent branchial artery and its
branches, The function of these nerves and muscles wlll be
considered laters

The anatomy of the gilll filament has been studied in
great detail, The filaments are attached to the stem of the
gill in two main rows, They are widest at the point of
attachment which will be called the base. They are long and
flat and taper toward the free end which will be referred to
as the tip of the fllament. The arterliole which takes its
origin from the afferent branchial vessel and passes around
the margin of the filament will be called the arteriole loop
of the filament., The limb which carries blood to the
filament will be called the afferent limb of the arteriole
loop. The other limb will be called the efferent 1limb of
the arteriole loop. (See Figg. 10 and 18).

Each filament is'composed of this marginal arteriocle
loop with a network of communicating capillaries. (See
Figs, 10 and 18.) These vessels, along with a mesh or
network of connective tissue cells, form the core or
framework of the filament, The melanophores are located
"in the central part of this; they are most numerous near
the efferent limb of the arterlole loop at the margin of
the filament.s This core of vessels is covered by a come
tinuation of the eplidermis in the form of a simple ciliated
epithelium. (See Fig. 9)

In making direct observations on the blood vessels of
the filaments, 1t was noted that small particles that



floated in the water would, when they floated near a
filament, suddenly dart away from it. More careful
observaetions on the particles in the water showed that
definite currents of water bathed the gill fllaments,

The physioclogical significance of these currents 1is

easlly seen; but what morphological structures were
responsible for the currents? It was the search for the
cause of the currents that revealed the cilia on the epithelium
of the gill filament. Later it was found that Clemens (1895)
mentioned that the epithelial cells covering the filaments

of external gllls are ciliated. He also discussed the
physiology of these; he stated that the current of water
created by the action of the cilia would enhance the
respiratory exchange.

After many unsuccessful attempts, nerve fibers were
demonstrated in the gill filaments, by means of a methylene
blue technique. One of the factors that makes it difficult
to demonstrate these nerves is that they are, in many cases,
found only in a sheath formed by melanophores. This
difficulty was partially overcome by injecting adrenalin to
contract the melanophores, before attempting the nerve stain,
The nerve fibers demonstrated in the filament appear to be
unmyelinated or Remak'!s fibers. (See Fig, 12) No nerve
endings were found, either because the nerve fibers observed
end in the melanophores, or because the continuity of the

fiber 1s not evident in the reglon where a melanpphore is
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located. More work 1s necesgsary before any conclusions can

be drawn wlth regard to these nerves,
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II. THE RELATION OF THE VAGUS AND GLOSSOPHARYNGEAL
NERVES TO THE BRANCHIAL VESSELS IN A. TIGRINUM
LARVAE.

The vagus and glessopharyngeal nerves have been described
in detail in Amblystoma by Herrick (1894) and Coghill (1902).
Herrick used A. punctatum; Coghill used A. tigrinum. The
cranial nerves Af'other Amphibia have been described by
Strong (Anura), (1895) and Kingsbury (Necturus), (1895).
The terminology used by these lnvestigators will be adhered
to in the following deseription:

The vagus and glossopharyngeal take origin from the medulla
oblongata, very near each other. As o matter of fact, it is
impossible to distinquish between these nerves at the origin.
Just caudal to the origin of the acoustic nerve 1ls a large
nerve root. This is, from Coghill's description, taken to be
the lateralis or first iroot of the vagus. Just caudel to
this, there are several (four) routlets which come out of
the medulla at right angies, and one rootlet, which originates
from the medulla, caudal to these at an acute angle., This
receives very fine nerve fllaments from the medulla. According
to Coghlll, the root just caudal to the lateralis root of the
vagus is the glossopharyngeal. The four remainiig roots are
all vagus roots. All of these nerve roots apparently unite,
or at least, pass through the chordrocranium along with the
jugular vein., (See Fig. 13)

-15-



Imuedlately after leaving the chondrocranium, fhere is
found a large ganglion,s At this point, the nerves are so
closely bound together that they are separated with
difficulty. A few small nerve twigs take origin from this
ganglion and pass darsally to the skin in that region,

Distal to the ganglion we find four main nerve trunks: One
which i1s called the truncus glossopharyngeus; the two trunks
just caudal to this are called the first and second branchial
vagus trunks; the most caudal and largest branch contains

the abdominal and cardiac portions of the vagus. The first
and second branchial vagus trunks may arise from the ganglion
es a common trunk, in which case there are only three main
nerve trunks teking origin from the ganglion. Figure 13 is a
diagram of the vagus and glossopharyngeal nerves in which the
ganglion gives rise to four trunks. These four trunks will

be dezxcribed separately.

The Truncus Glossopharyngeus.

The glossopharyngeal divides near the otiec capsule into
two main branches. One of these passes cephalad as the Ramus
communicans IX + X to VII. The other large branch follows
roughly the intérnal carotid artery or dorsal portion of the
- third sortic.arch. It gilves off some small branches to this
vessel, and then passes to the dorsal end of the third
visceral arch., Here it glves off a branch to the first gill.
It then continues along the ventral portion of the third
gortic and visceral arch as the Ramus post-trematicus IX.

Its ventral distribution will not be discussed, The branch
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to the first gill sends branches to the levator and depressor
arcuum muscles of the first gill and communicates with the
branch of the first branchial vagus trunk to this glll., It sends
nunerous twigs to the afferent and efferent branchial vessels.
Vagus fibers have been traced into the filaments of the first
gill.

The First Truncus Branchialis Vagi.

The more vephalad or first branchial trunk of the vagus,
after giving rise to the few fine nerve fibers to the dorsal
portion of the fourth aortic arch, a motor branch to the
second levator arcuum muscle, and a pharyngeal branch, passes
d rsal to the dorsal end of the fourth visceral arch., At this
point, it gives off a branch to the first gill and another to
the second gill, The branch to the first gill communilcates
with the corresponding branch of the glossopharyngeal. The
combined nerve enters the first gill, and supplies the
levator and depressor branchil muscles, It follows the
main blood vessels in the gill and sends many small nerve
twigs to these vessels., Some fine branches of this nerve in
the first gill have been traced into the gill filaments, and
to the skin of the gill stem. The bBranch to the second gill
commmnicates with a similar branch from the second branchial
vagus trunk and will be described later. The first branchial
vagus prunk, after crossing the dorsal end of the fourth
visceral arch and giving off the two gill branches, follows
the visceral arch cephalad and ventrally as the first Ramus

post-trematicus of the vagus.



The Second Truncus Branchialls Vagl.

This 1s distributed in the same manner as the first
truncus branchialis vagi. It sends one large branch into
the second glll which communicates with the branch of the first
Ramus branchialis vagi to the second gill., It then becomes
the third post-trematic and follows the fifth visceral arch.
The two branches of the first and second branchial vagus
trunks to the second gill supply the levator and depressor
branchii muscles and, as in the first gill, contribute numerous
fine twigs to the blood vessels and filaments, The seeond
truncus branchialls vagl also sends a large branch to the
third gill. This communicates, as in the other gllls, with
another branch to this gill, This other branch, which
supplies the third gill, is derived from the nerve to the
sixth aartic and visceral arch, which will be described in

connection with the truncus visceralis vagi.

The Truncus Visceralis Vagl.

The fourth large branch which passes caudally from the
ganglion soon gives off a number of small branches, Two of
these are larger than the others, one is the nerve that
passes laterally and follows the sixth visceral and aortic
arch., This gives off a nerve of considerable size which
follows the pulmonary artery. Another branch of this supplies
the ductus arteriosus. After glving rise to the branch &6

the third gill, it then continues ventrally to the sixth
visceral arch. The second larger branch passes caudally and

medlally to become the lateral line branch of the vagus.
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The main trunk or intestinal ramus of the vagus continues
caudally, following the jugular vein. Thls gives rise to,

in addition to the branches mentioned above, the cardiac
branches and a large muscular branch which takes origin caudal
to the sixth arch. This 1s the recurrent branch and supplies

the constrictor arcuum and laryngeal muscles,
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III. THE CHANGES THAT TAKE PLACE DURING METAMORPHOSIS.

This deséription was necessarily confined to a study of
the gross changes in the parts of the vascular system that are
concerned in respiration. In addition, an histological study
of gill reduction was made,

The study of the gross changes in the heart and aortic
arches was started several years ago. Four hundred anlmals
in larval, metamorphic, and adult stages were killed and
dissected, A summary of the findings was published in 1929
(Gilmore and Figge). This description is based largely on
this work and the examination of approximately one hundred
additional animsls. Many of the latter group were dissected
while anesthetlzed. The findings were essentially the same
by this method, but many detalls and observations of a
physiologlcal nature were possible., Some of the detalls
observed earlier have become more significant in the light
of experimental observations.

The gross changes in aortic arches that occur during
matamorphosis are shown in Figure 3. On the right side are
aortic arches of a larva, on the left is a diagram of the
aortic arches of a recently metamorphosed adult., For the
sake of simplicity, the visceral arches were omitted. It is
not shown in the diagram, but it should be mentioned that
the aortic arches in the larva are assoclated with their
respective visceral arches and are, therefore, separated from

each other by a gill slit. In the adult, the gill slits are
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fused and some of the visceral arches are reduced. The
gortic arches lose their cohnections to visceral arches and
migrate caudally.

Perhaps the most conspicuous change in the aortic
arches takes place in the intermediate anastomosls which
unites the ventral and dorsal portlons of an arch. During
métamorphosis, the relatively small arterioles composing
this, increase in dlameter and form a large arterial trunk.
In the adult it would be impossible to differentiate between
this vessel, which is formed from the anastrmosis, and any
other portion of the aortic arch. The remmants of the
afferent and efferent branchial vessels, however, give an
indication of its extent. The significance of the sub=
stitution of a large arterial trunk in the place of the anasto=
mosis will become evident later, It 1s easily seen that this
alone would stop the flow of blood thru the gill, (See Fig. 18)

The carotid, systemic, and pulmonary arches Iincrease in
diameter during metamaphosis. The fifth arch decreases in
size and 1s eventually almost obliterated, (See Figs. 1, 2 and 3.)
The reason for thls selectivity is not known. Evidence will
be presented later to show that this 1s related to the
morphology of the anastomosis in this arch. It will be
remembered that the anastomosis on the carotld and systemic
arches are much better developed and have a much gregter
capacity than that on the fifth arch.

During the larval stages, most of the blood going to the

lungs is derived from the ductus arteriosus, this has passed



through the gllls, and is, therefore, relatively high in
oxygen content, When the anastomosis on the sixth aortlc
arch is replaced by a large arterial trunk, most of the blood
flowing thru the pulmonary artery comes directly from}the
heart and is, therefore, relatively low in oxygen content.
In the adult, little blood flows fhru the ductus arteriosus
and this vessel decreases in size. (See Figs. 1 and 2)

The vascular changes in the skin and pharynx are also
significant, but have not been studied in great detail. There
is not so much change in the cutaneous vessels themselves at
this time, but these scquire a more superficial position due
to the shedding of skin, Skin shedding thus increases ‘the
efficiency of oxygen intake thru the skin. Blood seems to
circulate more freely in the cutaneous network of the adult
than in the larva, This may only be apparent since it is
more difficult to see blood ecirculate in the cutaneous network
of the larva because of the relatively thick covering of
oepldermis., That the cutaneous vascular network is well
developed in the larva, is evident from the photograph of the
skin of the operculum. These vessels were injected with
Berlin Blue gelatin mass. (See Fig. 14)

No detailed study was made of the pharyngeal vessels,

It is significant that one of the largest arteries supplying
the pharyngeal epithelium is derived from the sixth aortic or
pulmonary arch, This vessel reaches 1its highest development
in the lungless salamanders where the pharynxz is one of the

chief respiratory organs. As early as 1898, F, Maurer noticed
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that in adult amphibians, the pharyngeal epithellum is
invaded by capillaries that pass between the basal cells of
this and form a network of anastomosing capillaries just
deep to the superficial layer of ciliated epthelial cells.,

S. Gage and S. Phelps Gage (1890) had previously
studied the development of ciliated epithellal cells in the
alimentary tract of applitbtans. They found that the ciliated
epithelial cells in the pharynx were developed some time
during metamorphosis, because they were present in adults,
but absent in larval and perennibranchiaste forms. They,
therefore, assumed that the pharyngeal clilia were related
in some way to air-breathing.

The vessels in the lungs change little, if any, during
metamorphosis, In watching the circulation in the living
larval lung and comparing it with the circulation in the
adult, one usually finds differences. The larval lung is
frequently collapsed and the circulation is poor. The
adult lung is usually distended with gas and blood circulates
ra#p 1dly. During the experiments, 1t was found that if the
collapsed larval 1ﬁng is cannulated and distended with a
gas, circulation through the lung is greatly emhanced, The
larval lung is occasionally found distended naturally, but
even so, the circulation is not as good as in the adult lung.
One reason for this 1s that the lung vessels of the larva
are separated from the heart, either by the gill vessels, or
the anastomosis on the sixth arch. The resistance to flow

through these relatively small vessels greatly diminishes the



pressure peripherally. In the adult, a large arterial
trunk is substituted for the anastomosls on the sixth
aortic arch, The variations in pressure produced by the
actlion of the heart are thus transmitted directly to the
pulmonary artery. This makes possible a higher pressure in

the pulmonary artery and accounts for the better cerculation.

The Study of a Normal Gill Reduction.

If the gills of an animal that is just beginning to show
metamorphic symptoms are examined, 1t is freg ently seen that
the filaments appear quite large and distended. For this
reason, the gill is very large before gill reduction starts.

The first evidence that gill reduction has started 1s seen in
the development of splral-shaped filaments. This gives the
gilll a fluffy, crinkled appearance. The spiral-shape of the
filament-at this stage 1s, probably, due to constriction of
the gill capillaries and the arteriole at the tip of the
filament., This would result in a much higher pressure in

the afferent limb of the arteriole loop than in the efferent
limb, The high pressure and continuous pumping on the
afferent limb of the filament would cause this side to grow
longer. The other side would remeain the same or even grow shorter.
As the lengths of the two sldes of the filament become
uneaqual, it begins to assume a spiral-shape.

At the same time or shortly after this, the arteriole at
the tip of the fllament begins to become convoluted, Eventually,

these convoluted arterloles form little knobs of convoluted



vessels at the tip of each filament,

Shortly after these knobs are formed, the epithelium
on the gill filaments takes on a peculiar grayish appear-
ance, The adjacent layers of epithelium on neighboring
filaments then begin to fuse., This process usually begins
at the base of the filaments and at the base of the gill,
Soon the filaments have not only shortened, but have fused
together into a solid mass. One cannot help but wonder, at
what stage of this fusion the cilia ceased to functlon, and whether
" this is a factor in the tendency of filaments to stick together.

Observations made on living animals during metamorphosis
show that blood flows thru the gill vessels during any stage
of gill reduction. I have even observed blood flowing through
the gill nodules that are completely covered by skin. Blood
cells are also found in the vessesl in sections of the black
pigment mass which is the remains of a gill in a meta-
morphosed animal. But the branchial vessels in which blood
is seen to flow during metamorphosis are the remains of the
arteriole loops of the filaments., These are, in mapy cases;
extremely dilated and, under normal conditionsy blood flows
very slowly through these, especially near the completion of
metamorphasis, It was noted very recently that any
anesthetic which stops the respiratory movements, and, thus,
interferes with oxygenation of the blood in the lungs and
pharynx, will cause an accelerated flow of blood through the
metamorphosing gills

The caplllaries in the gill filament are closed
relatively early. Shortly after the filaments fuse the
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capillaries are oblitereated, probably, by phagocytosis., If
the latter i1s true, then the capillary walls and the
surrounding connective tissue cells are the only parts of

a glll that are removed by phagocytosis,

The histological study of gill reduction shows, contrarj
to prevalent assumptlions, that the process of gill reduction
is not so much a Process of histolysis and phagocytosis, as
it is a process of the migration of cells to new positions,
Photographs of representative cross-sections, taken through
gills in different stages of reduction, will serve to sub-
stantiate this statement and faclilitate the description of
the process,

A cross-section through a larval gill shows the cone
tinuity of the skin and the eplthelium covering the filaments.
It also shows the centralposition of the melanophores., The
melanophores appear in such a cross-section in rows
corresponding to the sectlon of a filament. They are,
however,widely scattered. (See Fig. 8)

The next two photographs are of sectlons through gill
stubs after the filaments have fused together. (See Figs.

15 and 16) The arrangement of melanophores indicate the
positions of the fused fllaments. In many cases one can
clearly see two fused layers of epithelial cells, separating
two rows of melanpphores., It will also be observed that

thls fused mass of filaments is'surrounded by a capsule that
grows thicker in the later stages. This capsule is formed by
the migeation of the epithelial cells that originally covered
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the filaments and which, at this stage, are located between

the rows of melanophores. The evidence for this 1s as
follows:
l. No mitotlec figures are seen during the formation of the
capsule which eventually surrounds only a black mass of
pigments
2. The layers of cells which form this capsule are con-
tinuous with the layers of cells between the'rows of
me lanophores.,
3¢ The cells forming the capsule are identical with the
cells between rows of pigment cells,

There is no evidence that any of the eplthelial cells
di sintegrate or are destroyed by phagocytosis. They all
apparently migrate to take part in the formation of the
capsule., Only the pigment cells femain. These clump
together in an almost solid mass, as shown by a photograph
of a gill nodule. (See Fig. 17) These black masses of
pigment cells persist for some time. They are connected
to the aortic arches by remnants of the afferent and
efferent branchial vessels., In these black pigment masses
there are found the remains of the branchial nerves and some
of the arterioles connecting the stubs of the afferent and

efferent branchial vessels.

Morphological Speculation.
From the study of the distribution of the vagus nerve
in the larval and adult urodeles and in mammals, it is

interesting to speculate as to which components of the



vagus nerve in mammals are homologous to the branchial
components in urodeles, The attempt to homologize nerves

is complicated because nerves are usually used as criteria
for the homeology of other organs. This method should also
work in the reverse direction; but the homologies between
the branchial elements in the lower forms and theilr vestiges
in the higher forms (if they exist) are not definitely known.
For example, there is no known homblogue of a gill, as such,
in mammals. Conseguently, we cannot say definitely which
nerves in a mammal correspond toAthose branches going to gllls
in urodales.

It appeared probable that the carotid body in man might
be a vestige of the first glll in urodeles., The evidence for
such a hypothesis is that this organ 1s not found in the
branchiate vertebrates and does not:appear in an amphibian
until metamorphosis. Moreover, the carotid body and the
first gill have the same nerve supply. Both of these
recelve one branch from the glossopharyngeal and one from
the ﬁagus. The carotid body's position and blood supply is
also in agreement with the possibility that this structure is
the vestlige of the first glll 1In urodeles.

The fdllowing table gives the list of nerves in mammals
that pre thought to be homologous to the branchial elements

of the vagus and glossopharyngeal nerves 1in urodeles:
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Table of Homologiles

Urodele Larvae Mammals.

Branch of glossopharyrgeal to lst gill - - Branch of gloss-
opharyngeal to carotid
body end sinus.

1st truncus branchialis vagi- - Branch of superior

to first gill laryngeal to carotid
body and sinus.

1st or 2nd truncus branchialis-~ Branch of wvagus to

vagl to 2nd glll arch. aortic arch or the
aortic nerve.

Vagal branches to 3rd gill arch -=-772

These homologies are based solely on morphology. The

physiology of these nerves are well known in mammals as aortic

and carotid nerves, which reflexly control blood pressure,
resplration, and heart rate. There 1s some evidence that the

nerves to the gllls function in the same manner in urodeles and .

fishes. It was shown by Lutz and Wyman (1932) that cardiac

inhibitlion follows sudden increase of pressure within the

gill blood vessels of Squalus acanthus and Necturus. More
physiological, as well as morphological, evidence is necessary
before it may be concluded that the branchial nerves are

homologous to the aortic and carotid nerves in mammals,
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MORPHOLOGICAL SUMMARY

le The anatomy of the anastomoses at the base of the gills
and on the sixth aortic arch were photographed and described.
2. It was suggested during this work that the small number of
minute arterioles making up the anastomosis at the base of the
third gill, might be related to the fact that the fifth aortic
arch is oblitereted during metamorphosis,

3¢ Remak fibers were demonstrated in the gill filaments,

4, An histological study of glll reduction was made., This
appears to be a process Involving, for the most part, the
migration and transformation of cells, Histolytiec processes
are undoubtedly of minor importance in gill reduction.

(Notes= This summary includes only contributions of
the author)
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I. THE NERVOUS CONTROL OF CIRCULATION IN
THE GILLS OF AMBLYSTOMA TIGRINUM LARVAE.

Two methods were used in an attempt to gain some insight
into the physlology of the branchial elements of the vagus and
gloésﬁﬁhwymgal nerves. One was the method of cutting or
stripping these nerves out, in the larval stages, to note
whether or not this would have any immediate effect on the
circulation in the gill, or whether it would later have any
influence on metamorphosis or gill reduction., The second
method tried was that of stimulating these nerves and noting
the changes, if any, in the gill vessels, heart rate, and

respiratory movementse.

A, The Effect of Branchio - and Total Vagotomy.

1, On Normal Metamorphosis of A.tigrinum larvae.

Theoretical Discussicn,

The sensory elements in the vagus and glossopharyngeal
that are concerned in the reflex control of blood pressure,
cardiasc rhythm, and pulmonary ventilation have been in-
vestigated by numerous physiologists., Two branches of the
vago~glossopharyngeal nerves have been shown to have
similar functions: One 1is the nerve to the carotid sinus,
Hering, 1924; Heymann, 1928) the other is the so~cslled
depressor nerve, (Cyon and Ludwlg, 1866).
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As has been mentioned in the morphological discussion,
it 1s interesting that both of these nerves have theilr
sensory endings on or near the remnants of the aortic arches,
The endings of the nerve to the carotid sinus are in the
vicinity of the carotid sinus and carotid body or third
aortic arch snastomosis in Amphibia; and the endings of the .
mammnalian depressor nerve are on the arch of the sorta
which is the remnant of the fourth aortic arch in lower
forms, The third and fourth aortic arches in Amphibia are
assoclated with the gills, The fifth or remaining gill
arch of Amphibia 1s not represented in adult Birds and
Mammals., Morphologically, the depressor nerves must be homolo-
gous to some component of the branchial branches of the vagus
and glossopharyngeal nerves, because it 1ls these branches
that supply the aortic and visceral arches in the lower
forms.

Little 1s known regarding the function of the vagus
branches to the gilll arches except the contribution of
Lutz and Wyman (1932). They found that increased pressure
in thé gllls causes cardisc inhibition. Little more is
known regarding the fate of the nerves that supply the gills
when the gills are reduced, as 1s shown by a glance at
text-books of comparative anatomy. "In the transition to
terrestrial life the vagus group suffers naturally the
loss of the branchial elements™; (Wilder, 1923). "wWith
the absence of gills in the ammiotes and their loss in
the hlgher Amphibia, the lateralis elements dlseppear and



the branchisl nerves are reduced, though parts are present
as pharyngeal nerves." (Kingsley, 1917). This vague way of
referring to the homoiogies of these elements is typical.

A study of the physiology of the branchial branches of the
vagus was, therefore, made, in the hope that this would
help to homologize the branchial nerves and the so-called
carotid and aortic nerves. In addition, it was thought
that if the branchial nerves were involved in the control of
blood pressure, heart rate, and respiration, that these
nerves might be related, in some way, to gill reduction or
the metamorphic proces=s in general, It was not found
possible to demonstrate, with the methods employed, that
these nerves have any influence elther on gill reduction

or on metamorphosis,

Metheds and Materials.

The animals used in this experiment were A., tigrinum
larvae collected in Colorado in August, 1932, Animals of
all sizes were selected, ranging from 38 mm. to 86 mm. in
body length., ‘

The operation was performed under chlorotone
anesthesia. The animal was pinned down in a wax dish,

A small slit was cut through the skin at the angle formed
by the third gill and the body. From this, an incision
was carried cephalad along the base of the gills., Another
inci sion was made in a cephalad and medial direction,
outlining a V-shaped flap. When this flap was raised, the

brenchial branches of the vagus were easily seen. In
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order to fully expose the vagus and glossopharyngeal where
they leave the chondrocranium, as was done in some cases,
it was necessary to also sever the levator arcuum muscles,
With this exposure, it was a simple matter to cut or pull
out centrally and peripherally any one of the branches to
the gills. Various nerves and combinations of nerves were
cut in sixty animals. Twenty-six animals of corresponding

gizes were used for controls.

Results.

The animals will be listed in groups according to the
operation. Observations made on the gill vessels before
and immediately after cutting the vagus branches showed
no appreciable changes in the calibre of these vessels,
The nerves were not simply cut, but as much of the nerve
as possible was removed by pulling it ocut centrally and
peripherally. The nerves were recut when some were found
to have regenerated. Twelve different types of operations
were perforﬁed. It was hoped that at least one or more of
these operations might show an inhibition of metamorphosis,
but this was not the case.

It is evident, by merely glancing at the list of
metamorphosed animals, (See Tables I and II) that animals
in all groups metamorphosed., It is true that four of the
animals are still living and larval; but so are two control
animals, 1In general, the operated animals metamorphosed at
the same rate ps the controls, The death of larval animals

(6 controls; 16 operated) was due in most cases to0 infection
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TABIE T,

Control A, tigrinum in Branchio=-

aend Total Vagotomy Experiment.

Animal Number

a 2
Ca 3
Ca &4
Ca 5
Ca 6
Ce 7
Ca 8
Ca 9
Ca 10
Ca 11
cg 12
Ca 13
Ca 14
ca'ls
Ca 16
ca 17
Cea 18
Ca 19
Ca 20

B P
OV 01 O

Metamerphosed Died Larval
in - in
= T 7303 days  ~ ~ ~

221 days
223 days
205 days .

281 days (transferred &
215 days sacrificed)
221 days

86 days (escaped)

(St11l Alive - 495 days)
22]1 days and Larval
230 days

73 days

62 days
150 days
215 days
230 days (infection)

334 days (disappeared)
223 days

(Still Alive and

Larval - 495 days)

181 days
150 days
150 days
181 days
150 days

181 days
Mean - ~ 107 daye



TABLE 1II.

The Effect of Branchioce- and Total Vagotomy.

Animal
Number

Date
Operated

=’

Recut

in

Metamorphosed

in

Died lLarval
in

M S GWD SRS WS SRS WR WEn WER s MM M EGR WER LY Gme WES MR NS WS M ams  emm Awm e

Removal bilayeraliy" of the 3 large vagus and glossopharyngeal
trunks and the 6th Viscersl arch nerve.

212 days
269 days

383 days (disappeared)

252 days
34 days
267 days
50 days
475 days
269 days
(Alive and Larval-4T7
days)

18 days

(Alive and Larval-473

311 days days)

477 days

20 days
20 days

B2 0ct.26

B3 Oct.26 248 days

B 22 Nov.l7 199 days 201 days
B 23 Nov,.l7 190 days
B 50 Nov.21 193 days
B 51 Nove.21 197 days 210 days
Three large vagus and glogssopharyngeal trunks to all gills.
B 3x Oct .25 220 days

B 4x Oct.25 220 days 237 days
B 5x Oct.29 10 days
B 6x Oct.29 216 days
B Tx Oct.29 218 days

B 1l Oct.26

B 4 Oct.26 221 days

B 5 Oct.26

B 6 Oct .26 221 days

BT Oct.26 221 days

B 26 Nov,.17 (left;221 days

B 27 Nov.17(right)221 days 214 days
B 17 Nove.2 (left). 179 days
B 18 Nov.2 : 228 days
B 38 Nov.1l8

B 39 Nov.1l8 196 days
Removal of glossopharyngeal trunk,

B 31 Nov.1l8 196 days
B 43 Nov.21 161 days
Removal of first branchial vagus trunk.
B 32  Hov,18 164 days
B 44 Nov.21 197 days

B 2z Oct.25 220 days

Removal of second branchial vagus trunk,
B 10 Oct.26 . 219 days

B 33 Nov.17 188 days
B 45 Nov,.21 131 days
Removal of first and second branchial vagus trunks,
B 8 0c'b.26

B9 Oct.26 221 days 227 days
B 11 Oct .26

B 21 Nov.17 196 days 198 adays



TABIE II,

(continued)
Animal Date Recut Metamorphoséd Died lLarval
Number Operated in in in
- - - 1932 L o o e e e e e e e mm M=~
Removal of vagus branch to 6th arch,
B 12 Nov.l 215 days 221 days
B 13 Nov.l 215 days 298 days
B 34 Nov.1l8 200 days (Alive and larval
B 46 Nov.21 130 days in 476 days)
Billateral 1st gill denervation. '
B 1x Octe25 220 days 315 days
B 35 Nov.1l8 165 days
B 47 Nov.21 186 days
Bilateral 2nd glll denervation,
B 36 Nov,.1l8 29 days
B 36s Dec.23 178 days
B 48 Nov.21 51 days
B 488 Dec.23 46 days
Bilateral 3rd gill denervation.
B 37 Nov.1l8 201 days 205 days
B 49 Nov.21 160 days

Removal of intestinal ramus, including lateral line and 6th
viseeral areh branches,

B 15 Nov.2 213 days 215 days

B 16 Nov.2 (left) 211 days

B 14 Nov.2 213 days - not regenerated (Alive and Larval
B 19 Nov.1ll 124 days in 494 days)

B 20 Nov.ll 180 days

Complete vagotomy’, (oncluding glossopharyngeal, lateral line,
branchial, and intestinal branches of wvagus,

B 24 Nov,1l7 197 days - nerves had regenerated
B 25 Nov,.1l7 201 days 227 days

B 30 Nov.1l8 190 days

B 40 Nov.21 196 days 201 days :

B 4 Nov.21 196 days 259 days

B 42 Nov.21 died first day

from bleeding,



-or high temperatures.

Denervation of the second glll seemed to stimulate
metamorphosis. Animals B 36 and B 48 metamorphosed in
twenty-nine and fifty-one days respectively. These animals
were replaced by B 36s and B 48S. One of these again
promptly metamorphosed in forty-six days, but the other
required 178 days. The average number of days required for
controls to metamorphose was 197. Since the same nerves
were cut in several other Rroups and no acceleration of
metamorphosis was observed in these groups, the evidence is
not sufficient to draw the conclusion that cutting the

nerves to the second gill accelerates metamorphosis.,

Surmary.
The removal of the branchial portions of the glosse-
. pharyngeal and vagus nerves has no effect on the
metamorphosis of A, tigrinum larvae, Animals in which the
glossopharyngeal and all parts of the vagus {branchial,
intestinal, cardiac, and lateral line) were removed,

metamorphosed at the same rate as controls,

Concluslon.
The evidence presented here indicates that the
morphogenetic processes involved in the metamorphosis of

A, tigrinum larvae are not dependent upon the vagal reflexes.

A. Effect of Branchio - and Total Vagotomy.

2, On Metamorphosis Produced by Thyréo-activator
(A. L. Hormone).

It was found in the previous experiment that the vagus



branches will regenerate after a certain period. Even though
these were removed at intervals, it was thought that the
regenerated nerves might have been responsible for the
negative results,

To ellminate this possibility, a number of animals were
branchio-vagotomized, others completely vagotomized. To meke
certain that the nerves would not regenerate, only a short period
for operative récovery intervened between the operation and the
‘injection of anterior lobe. The operated animals, along with a
number of controls, were injected in the usual manner with
anterior lobe extract prepared and extracted according to the
Uhlenhﬁth.method. (Uhlenhuth,aﬁd?Séhwartzbach, 1928.) The
method of operation was the same as described in tﬁe previous
experiment. Six types of operations were performed on twelve
animals, The operations were gll made on the same day,

Jamuary 2, 1933.

Fourteen days later, the injections of anterior iobe
extract were started. The animals were injected on alternate
days for twelve days, a total of six injections were given.
Each injection contalned the extract of 100 mg. of dried
anterior lobe powder in 0.5 cc of acid ringer, (neutralized),
Five normal animals were used as controls, Three of these were
injected with the operated animals. 1In addition, a hypo-
physectomized animal was injected as a control.

Results,
The size of the animals, the type of operation, and the

results are shown in table III. The three normal control
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TABLE III.

The Effect of Branchio- and Total Vagotomy
on the Metamorphosis
Produced by Anterlor Lobe Injections.

Animal Body Operation Results No.of Days
Number Length : From lst
_—— ol - ___ _1Injection._
Al 73 cogtrol Metamgrphosed gg
23 1B : 54
AHyp T9 * (hypophysectomized) partial meta, 30
"
ﬁ g gg . (ngt 1ngected) no ch%ngé gg
B1l 71 2nd gill denervation metamorphosed 19
B 2 72 u " " 20
B 3 70  6th aortic and visceral " 20
B 4 TO arch. 26
. 4] °
g g gg Complete.branchio-vagotomy gg
B 1 Glossopharyngeal and 2 large " 22
B g ;0 branchial vagus trunks " 19
« lete unilateral vagotomy foft partial 33
g go $g co&p © " 1" riSht neta. 33
L bilateral "  metamorphosed 33
g %é g% " " " larval 33



animals were metamorphosed with six injections of anterior
lobe extract in twenty-five days, and the hypophysectomized
animal had partiallyrmetamorphosed'in the same length of
time, The vagotomizéd animals again metamorphosed at about
this same rate, with oﬁe exception. A completely vagotomized
animel, B 12, did not metamorphose. However, another animal

operated in exactly the same manner metamorphosed.

Coneclusion.
l. Neither branchioévagotomy nor complete vagotomy inhibits
the metamorphosis produced by thyreo-activator in A, tigrinum
larvae,.
2. This 1s presented as evidence that the vagal and glosse-
;pharyngeal reflexes are not necessary for the morphogenetic

process of gill reduction.

B. The Effect of the Removal of the Cervical Sympathetic

Trunk and Ganglia on the Metamorphosis of A. tigrinum

Larvae.

When a complete vagotomy, involving also the glosso-
pharyngeal, is performed, many of the sympathetic fibers to the
gills are also destroyed. There 1s, however, a pdssibility
of sympathetic fibers passing from the cervical sympathetic
along the radices aortae, or the dorsal portions of the
aortic arches, and thus to the gill vessels, In order to
determine whether these hypothetical bramechial sympathetic
fibers had any influence on gill reduction, the cervical

sympathetic trunk and ganglia were removed in two animals.,
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In one of these, E 3, the cervical sympathetic was removed
from both sides; in the other, E 2, Ythe operation was
performed only on the right side. Both of these animals
were Injected at the same time and with the same dosage

as the animals in the preceding experiment.

Results,

Both animals metamorphosed as rapidly as the controls,
in twenty-two days. Gill reduction was normal in both
animals and no difference could be noted between the two
sl des of the animal having the cervical sympathetic intact

on one side.

Conclusion.
This is tentative evidence that the cervical sympathetic
trunk and genglia are not necessary for the metamorphic
process which is induced by anterior lobe injection in

A, tigrinum larvae.

Ce The Effect of Stimulation.

l, Of the Vagus Branches to the Gills.

A number of attempts were made to gain some information
through stimulation of the branchial nerves. If a vagus
branch to the gills is cut and stimulated peripherally,
the gills which it supplies are drawn down in the shape of
a crescent. During this time blood stops flowing through
the gill. The fact that blood stops flowing through the
gills was established both by direct observation of the
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flow of blood, end by the perfusion of the isolated gill,
Stimulation of the isolated gill nerve preparation caused

a cessation of the flow of perfusion fluid through the gill,
This demonstrated, either that the branchlal trunks of the
vagus contains constrictor fibers to the glll vessels, or
that the action of the depressor brenchii muscle is capable
of completely stopping the flow of blood through a gill,

The latter appears to he the most probable. Since the vagus
nerve of amphibians contains sympathetic fibers, it might

be supposed that stimulation of these was responsible for
the constriction of the branchial vessels. It will be

shown in another part of this work that adrenalin dilates
the branchial vessels., In view of this, it does not appear
probable that it is a matter of stimulating sympathetic
fivbers that accompany the vagus branches to the gills. The
attempts to paralyze the depressor branchii muscle with
curare were unsuccessful, Animals, that were deeply
paralyzed ebtherwise, would still wave thelr gills, and
stimulation of the vagal branches to the gills gave the

same reaction as without curare. Stimulation of the central
end of a branchial vagus trunk causes movements of The gills
on the opposite side and cardiac inhibition. This latter
observation conforms to the findings of Lutz and Wyman (1932)

on Elasmobranchs and Necturus,.

2., Of the Cervical Sympathetic.

It was impossible to isolate and stimulate the cervieal



sympathetic, Stimulation of the nerve and adjoining muscles,

brought about movements of the animal that made observations

impossible,

General Conclusions,
l. The physiological evidence in favor of the homology of
the branchial elements of the vagus in urodelss and the
aortic and carotid nerves ln mammals, 1s that the stimulation
of the central ends of the branchial trunks inhibits the
heart amd induces respiratory movements,
2, No evidence for the nervous control of branchial
circulation was obtained, This does not mean that the nerves
do not regulate the gill vessels, but only that 1t has been

impossible (with the methods employed) to demonstrate that
they do.

«40e



II. THE HUMORAL CONTROL OF CIRCULATION IN THE
BRANCHIAL VESSELS OF A. TIGRINUM LARVAE.

In order to investigate the humoral mechanisms that
might have an influence on the branchial circulation or on
gill reduction, three methods were tried. These will be
described and thelr limitations pointed out.

The first method to be tried was that of measuring the
blood pressure in the arterial system. This method has
great 1imitat16ns and is exceedingly difficult. It was,
therefore, abandoned very early. The second method to be
tried was the perfusion of gill vessels. This also has
great limitations and is difficult technically; but,
nevertheless, yielded some very interesting results that
were substantiated by the third method. The third method
is much simpler and consists &f making direct observations
on the reactions of the vessels in question. The reactions
to humorgl stimuli applied externally to certain parts of
the gill vessels could be studied and compared with similar
non-treated vessels which served as controls. Moreover,
the same sudstances, used to stimulate gill vessels by
diffusion through the branchial epithelium, could be intro=-
duced into the blood stream. The gill vessels proved to e
ideal for making the observation, perhaps even better than

the classical web or tongue of the frog or the ear of the

rabobit.
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Because there are a considerable number of circulatory
hormones and substances, it was necessary to decide whether
to attempt to investigate all of the substances super-
ficially, or only a few of these in a relatively thorough
manner. The latter course was chosen in spite of a strong
desire to include in this paper the effect of all known

circulatory hormones and substances,

A. Blood Pressure Experiments in the Larval

Salamancer.

An attempt was made to determine the reactions of the
branchial vessels to various substances and stimuli by
taking the blood pressure ventral to the gills. To the
author's knowledge, no one has ever tried to measure and
record on a kymograph the aortic blood pressure of the larval
salamander. This proved quite difficult. In the first place,
the entire animal has only three or four cubic centimeters of
blood. This blood has 8 very great tendency to clot. The
cannula used must be quite small; yet large enough to allow
sufficient blood to flow in and out to record diastolic and
systolic pressures; but even with small cannulae, the process
of cannulation is not simple. The manometer must be extremely
sensiﬁive and yet require only a minute amount of blood to
charge its level. All of these difficulties were finally
overcome only to find that if the blood pressure is taken at

only one point, 1t means very little, if anything.
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Method and Materials

The apparatus which finally gave results and enabled the
recording of diastolic and systolic pressures on a kymograph,
consisted of a mercury manometer of small bore, (2 mm. inside
diameter.) This was connected by glass and rubber tubing to
a cannula inserted in the fourth aortic arch, ventral to the
gills, The smallest diameter of the cannula was large enough
to permit blood to flow in and out of the cannula rapidly
enough to record diastolic and systolic pressures, The
changes in the level of the mercury were so slight that it
was necessary to magnify these by means of a balanced lever
attached to the balance wheel of a clock.

The animals were first anesthetized with cholotone,
then ether was used during the experiment. Heparin was
injected to prevent the coagulation of blood. This was also

added to the saline solution in the cannula.

Results,

Blood pressures were recorded in only five animals,
The pressure ranged from 4 to 10 mm. of mercury. Stimulation
of the gills or central ends of nerves to the gills caused no
change in blood pressure, Occasionally these stimuli caused a
momentary cardiac inhibition and movements of the gills,
The striking result was the fact that the injection of a very
large dose of adrenalin had no effect on the blood pressure
ventral to the gills. The reason for this, which became
evident later, is that adrenalin, whille it constricts the

gvstemic vessels, dilates the gills vessels., If the pressure
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is taken between the heart and the gllls, as it was in
these cases, the constriction of systemic vessels is offset

by the dilatation of the branchial vessels,

Conclusion.
From what has been said, it will be evident that one
can conclude very little from the blood pressure reactions of
the whole animal, especially if this is recorded at only one

point. Because of this and the complexity of the method, this

method was abandoned.



E; Perfusion of the Branchial Vessels,

1. The Effect of Adrenalin.

Since it was impossible to determine the reactions of
the branchial vessels by recording the blood pressure, the
perfusion method was tried, This method was used quite
successfully by Keys and Bateman in determining the effect
of adrenalin on the branchial vessels in eels (1932) and even
previous to this in fishes by Krawkow (1913). Both of these
investigators perfused all the gills‘of one animal at the
same time, The in-flow cannula was placed in the ventral
aorta. The outflow from a cannula in the dorsal aorta
was measured (Keys and Bateman) or the drops that fell from
the dorsal ends of the branchial arches were counted
(Krawkow). Both investigators reported that adrenalin in-
creased the rate of flow through the gill. This same method
of perfusion was tried on the bramchisal vessels of A, tigrimum,,
but was soon abandoned in favor of a method which permitted

the perfusion of individual gills and parts of gills.

Methods and Materials
In making up the perfusion fluid, thaf was used in
the following experiments, several conditions had to be
satisfied., It was necessary:
1. That it be egui-osmotic with the blood of a larval

gsalamander.

2, That it be balanced lonically to conform to Ringer's

solution.

3., That it contain enough sodium bicarbonate as a buffer

and maintain a pH near that of blood.
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4, That it contain a simple carbohydrate such as dextrose
for nourishing the wvascular tissues.

Jona (1912) had determined the freezing point depression
of frog blood and adult salamander blood. For Rana esculanta
he found it to be 0¢465° C and for Salamander maculata to be
0.479° C. Both of these being adult forms, this gave no
exact information as to the freezing point depressioh of
larval salamander blood. It was necessary, therefore, to
determine the osmotic pressure of larval salamander blood
by the cryoscopic method.

Three larval salamanders were anesthetized in chloretone.
A small guantity of heparin was injected into one of the
aortic arches of each animal., The heparin was dissolved in a
solution having a freezing point depression 0.450° C, as near
as possible to that estimated for larval blood. FEach animal
received 0.5 c¢c of this heparin solutlon., After a short
time, blood was taken with a syringe from one of the aortic
arches. A total of 9 cc. was obtained from the three animals.,

The freezing point was determined with the Beckmann
apparatus. FPive determinations were made. The results of
each deterriination and the calculations are given below:

Freezing point of larval salamander blood. Beckmann

thermometer.

1st determination 4,065° ¢
2nd " " 4,065° ¢
3rd " " 4,065° ¢
4th " " 4,0620 C
5th " " 4,063° ¢
Average 4.064% (C

Correction for super-f . 007
cooling “Z.071° C

.



Freezing point of distilled water. Beckmann thermometer.

lst determination 4,539° C

end " " 4,538° ¢

3rd " " 4,539° C

4th n " 4,539° C

Average 4,539Y C

Taeking the difference 4,071° ¢
We obtain .468Y C as the freezing

point depression of larval salamander blood.

The next problem was to make up a perfusion fluid that
would have the same freezing point depression as the larval
salamander blood, and still satisfy the other requirements
mentioned above.s To do this, stock solutions of sodium
chloride, potassium chloride, and calcium chloride were
prepared. The amount of any one of these substances necessary
to lower the freezing point of a liter of water 0.410° C was
calculated and carefully weighed. Since all the stock solutions
of these salts had the same freezing point depression, they
could be mixed in any desired proportion and the resulting
solution would still have the desired osmotic pressure. The
perfusion fluid was prepared by mixing the stock solutions
immediately before use; 950 cc. of the sodium chloride
solution was mixed with 30 cc. of potassium chloride and
20 cc, Oof calcium chloride. Sodium bicarbonate, dextrose,
and urea were added in the following amounts:

0.4 gm., --- sodium bicarbonate per liter
0.9 gm. --=- dextrose per liter
0.5 gm. --~ urea per liter
The last three substances were found to lower the freezing
point about . 05690 C.
Thepretically, the final perfusion fluid should have

-7 -



lowered the freezing point 0.466° C, but seven determinations
with the Beckmann thermometer, showed a freezing point de-
pression of 0.468° ¢ which is exactly what was found for
larval salamander blood. The following table summarizes

the method and the concentrations of the various salts:

Salt concentration molality A f.p. Am't used

per liter of sol. per liter
NaCl 6.,9263 gm. .1185 0.410° ¢ 950 cc.
KC1 8.8341 gm. .1185 0.410° ¢ 30 cc.
CaCl,.2H0 13.2723 gm. .0903 0.410° ¢ 20 cc.

The perfusion fluid as used, contained the following

substances stated in grams per liter:

NacCl 6.5800 gm. pﬁr 1009 c%. Waﬁer'
KCl « 2650 gm.

CaClg «2004 gm, " noon 1t
NaHCO03 o4 gm., " non 1"
Dextrose 9 gm, " "oon n
Urea .5 gm. " noon "

This is essentially the same as a mammalian Ringer-Locke
gsolution except that the salts are only about two~thirds as
concentrated, and in addition, it contains a small amount of
urea. The perfusion fluid was made up fresh each day.
Adrenalin solutions as well as other test solutions were
made up just before use.

The cannulae that were used for perfusion of parts of
individual gills were quite small. These were bevelled and
annealed at the tip with a shoulder mnear the tip. The
cannula was usually greater in diameter than the vessel to be
perfused. The vessel was split for a short distance and by

grasping each half with a small mouse-toothed forceps, could
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be stretched over the expanded end of the cannula, Ca.
(See Figs. 20,21, 22). It was then tied in place. The
capacity of the cannula at the pressure used was measured
In each case to make certain that this was much greater than
the capacity of the gill that was being perfused.

The perfusion was carried out at constant pressure of
250 mm. of water. This i1s slightly higher than the normal
blood pressure. To determine the rate of flow, the inflow
was measured. The preparation was tested for leaks at the
end of an exXperiment by placing a dye in the solution. By
observing the outflow, the slightest leak could be detected.
A leak was found in only a few cases and these resuvlts were
discarded. In order to maintain a constant pressure and
determine the rate of inflow, the following method was
devised: (See Fig. 19) The cannula (Ca) was connected,
by means of rubber tubing (RT) and a T-tube for a bubble=-
catcher, (B.C.) to the bottom of a test tube, (IT)+ The
upper end of the test tube was stoppered with a one-hole
stopper, into which a six-inch length of 8 mm., glass tubing
(GT) was placed. This entire system was filled with perfusion
fluid up to a mark near the middle of the glass tube. A
burette (B) was arranged so that the tip drained into the
upper end of the glass tube (GT). The burette was constantly
adjusted so that as fast as the perfusion fluid left the
system, it was replaced by fluid from the burette. The
burette readings were taken at short intervals, and the
amount of fluid necessary to meintain a constant level in

the tube was calculated from these., The results were then



plotted.

To perfuse an isolated gill (without the anastomosis), the
external gill was cut off just distal to the anastomosis
at point ¥, in figure 18. The afferent branchial artery was
then split for a distance of about 2 mm. to faecilitate
cannulation. As soon as this vessel was cannulated, it was
tied in place by a double ligature. The perfusion fluid
was allowed to slowly escape from the cannula during the
cannulaticn. Tpe whole process of cannulation was carried
out in a wax-bottomed dish filled with perfusion fluid.
As soon as the ligatures were tied, the full perfusion
pressure was turned on., The perfusion fluid escaped through
the cut end of the efferent branchial artery. In order to
reach the outflow vessel the perfusion fluid had to pass
through the gill filaments. (See Fige. 21) Two isolated gills
were perfused simultaneously, one with perfusion fluid alone,
the other with perfusion fluid plus adrenalin. After a
certain time, the two tubes were changed from one cannula
to the other so that the one that had been perfused with
-perfusion fluid alone was, after the exchange of tubes,
perfused with perfusion fluid plus adrenalin and vice versa.

The technique used in perfusing an isolated anastomosis
Was'as follows: In an anesthetized animal, the aortic arch
was ligated ventrally as close to the bulbus arteriosus as
possible, dorsally it was ligated close to the radix aortae.
The ﬁhole gill arch was then cut out. The gill was severed
from the visceral arch just distal to the anastomosis, leaving

only a few filaments on the visceral arch portion., The ventral

-50=



end of the aortic arch was then cannulated and any blood
contained in the vessels was forced out before the afferent
branchial artery was ligated just distal to the anastomotic
vessels. All the fileaments on the preparation were included
in the ligature. The only outflow vessel left open was the
dorsal end of the anastomotic vessel. (See Fig. 22)

The 1:1000 solution of adrenalin chloride used in the
perfusion experiments was obtained from Parke, Davis, and

Company.

Results.

8. Perfusion of All Gill Arches Simultaneously.

In a preliminary experiment, the method employed by Keys
and Bateman, and Krawkow of perfusing all the gills at once
was tried. It was found in these experiments that the rate
of perfusion was not dependent entirely on the size of the
vessels perfused, but was influenced by fhe heart rate or,
if the cannula was placed in the truncus arteriosus, by
the rhythmic contractions of the bulbus arteriosus. Ioreover,
the rate of perfusion did not change appreciably on addition
of adrenalin. These negative results suggested that one set
of vessels in the branchial circulation reacted by dilatation
with adrenalin while another constricted, Because of this,

the perfusion of a single gill arch was attempted.

b. Perfusion of a Single Gill Arch.
In another preliminary experiment, a whole gill arch
(external gill plus the anastomosis at the base), was

perfused. (See Figs. 20, 24) 1In this experiment it was
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found that changing the perfusion pressure from 300 mm. to 200
mm. of water caused the perfusion rate to fall from 45 cc. to
28 cc. per hour. During the following 30 minutes, the rate
gradually decreased to 23 cc. per hour. At this time, the
anastomosis at the base of the gill was ligated. The perfusion
rate dropped from 23 to 8.5 cc. per hour. The ligature was
then released and the perfusion rate increased to 20 cc. per
hour. When the ligature was re-tightened and tied securely,
the perfusion rate fell to 3 or 4 cec. per hour. After the
anastomosis was ligated, only the external gill was perfused.
Adrenalin was added to the perfusion fluild and the rate of
perfusion promptly increased to 15 cce. per hour. This rate

was maintéined for about an hour, then the gill was perfused wikh
perfusion fluid alone. The rate of perfusion gradually fell to
6 cc. The ligature was then removed from the anastomotic vessel
and the entire hranchial arch was now perfused. The rate of
perfusion increased to 30 cc. per hour. Adrenalin was then
added to the perfusion fluid and this had little, if any,
effect. From this pretiminsry experiment, it was evident that
in order to test the effect of any substance on the gill
vessels, it would be necessary to perfuse the gill and the

anastomosls separately.

¢c. Perfusion of the Isolated External Gill,
(Wit hout the Anastomosis)
Adrenalin was used 1n concentrations ranging from

1:50,000 to 1:5,000,000. It was tried seventy-two times on
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thirty-five individual gills., The gills were cannulated
distal to the anastomotlc vessels as shown in figure 21.

The results are summarized in Table IV, In every case, except
one, the addition of adrenalin to the perfusion fluid increased
the rate of perfusion. In this case, perfusion fluid a week
'old had been used.

The effect of the addition of adrenalin to the
perfusion fluid may be described more quantitatively by the
use of graphs. The results obtained from two gills that
were perfused at the same time are plotted on the same paper.
It will be seen that when a gill, that had been perfused
with perfusion fluid alone, was perfused with perfusion
fluid plus adrenalin (1:1,000,000), there was a distinct
increase in the rate of flow amounting sometimesbto a two
hundred percent incresse. This gill was again perfused
with perfusion fluid alone, and the rate of perfusion
dropped to the original level, (See Figs. 25, 26, Gills
10B, 11b, 12b, 13b.)

- A1l concentrations (1:50,000 to 1:5,000,000.) used
were found effective and had the same action. It was noted
that there was a tendency for the rate of perfusion to
gradually decrease during an experiment lasting thiee to six
hours.. This gradual decrease in the rate of perfusion was
more evident during perfusion with perfusion fluid alone,
but was evident even during perfusion with perfusion fluid
plus adrenalin. 1In view of this, it was desirable to know

what would happen 1f we perfused with perfusion fluid alone
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over a long period of time.,

The results obtained from perfusing gills with perfusion
fluid alone for a period of five hours may be seen in figure
27, (Gill 14b). During the first hour the rate of flow
decreased rapidly from 36 cc,per hour to 10 cc,per hour.
After this, the decrease was more gradual. At the end of
£ive hours, the rate of flow was only 1.2 cc per hour. At
this time, when adrenalin was added to the perfusion fluid,
the rate of flow increased to 29 cc. per hour and then
gradually decfeased to 20 cc. per hour,

The results obtained from perfusion of a gill with
perfusion fluid plus adrenalin over a period of four hours
may be seen in figure 28 (Gill 16b}. The perfusion was
started at 11.00 a.m. At first there was g marked increase
in the rate of flow, as is always the case with perfusion
with adrenalin solutions., For twenty minutes, the rate of
perfusion was 99 to 100 cc.'per hour. From that time on,
the rate of perfuslon varied some, but gradually fell to
42 cc, per hour. At 3.06 p.m., about four hours after
the beginning of the experiment, the gill was perfused with
perfusion fluid alone. The rate of perfusion dropped from
42 ce., to 18 cc, per hour. At 4.34 p.m., perfusion with
perfusion fluid plus adrenalin (1:500,000) was again started.

The rate of perfusion lncreased from 18 cc to 40 cc. per hour.

Discussion.
These results prove beyond a question of a doubt that

adrenalin dilates some of the gill vessels., It was impossible
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to determine by this method just which vessels are affected,
It might be either the capillaries or the arteriole at the
margin of the filament., It is difficult to determine the
diameter of the vessels unless they are filled with blood
or some other easily visible fluid. Adding washed red blood
cells to the perfusion fluid necessitates an oscilating
perfusion pressure or a pump-like perfusion. This method
has not been tried, as yet, because of the complicated
technigque and apparatus required., Adding India ink or dyes,
such as methylene blue, to the perfusion fluid had such a
pronounced effect on the rate of perfusion that this method
of making the vessels visible was out of the qmestion.

No reason can be given as to the cause of the gradual
decrease in the rate of flow during a perfusion experiment.
It was thought that this might be due to the fact that the
perf;sion was carried out at constant pressure. A pumping
action during the perfusion inhibited this gradual decrease
in the rate of flow but did not eliminate it. It was
concluded, therefore, that the gradual decrease in rate of
perfusion was not due entirely to the fact that the method of
perfusion did not simulate the pulsatile nature of the blood
stream.

A study of the records of Keys and Bateman on perfusion
of branchial vessels in eels, gives additional support to
this concluéion. While Keys and Bateman do not mehtion it
in their paper, their graphs showing perfusion rates indicate

that they also obtained a gradual decrease in the rate of
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perfusion during a two or three hour perfusion experiment,
Since they used a pump which simulated the heart action, we
must look elsewhere for an explanation for the gradual
constriction of the branchial vessels.

It was possible that this reaction might be due to the
fact that all the nerves to the gill had been cut. A gill
was, therefore, perfused with the nerves intact, but the
rgte of perfusion gradually decreased just as in an isolated
gill,.

When a gill was perfused for an hour or more with
perfusion fluid alone, the rate of perfusion fell almost to
zero., In such a preparation it should be possible to
localize the point of constriction by gradually paring eff
the vessels from the efferent side toward the afferent.

This was tried. The efferent limbs of all the marginal
arterioles were cut near the bases of the filaments (at
point K in figure 18.) No increase in the flow resulted.

The arterioles at the margin of the filaments were then cut
successively at points J and I, but the perfusion rate was
not affected. The filaments were then split lengthwise wlth
the same negative results. Even cutting the arteriole at
point H and complete removal of the filaments did not increase
the rate of flow through the preparatlion., The explanation
for these negative results will be found in the part of this
pepar which deals with the effect of mechanical stimulation
of these vessels. It was discovered later that such intense

mechanical stimulation, as that produced by cutting the
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vessels, causes a complete constriction of the vessels
stimulated,

Later work on the effect of oxygen and carbon dioxide
on the branchial vessels of the intact animal suggest that
one of the reasons for the gradual constriction of the
branchial vessels during perfusion may be that the oxygen and
carbon dioxide tension of the perfusion fluid was not proper-
1y regulated. This hypothesis will be tested at a later date,
These results obtained by perfusion of urodele gills coincide

with those of Krawkow, and Keys and Bateman in fish gills,

Conclusion.

The branchial vessels dilate when perfused with
adrenalin solutions, as evidenced by the increased rate of
perfusion. Just which branchial vessels dilate could not be
ascertained by this method.

d. Perfusion of the Isolated Anastomosis
Results

When the anastomosis at the base of a gill was isolated
and perfused by the technique described, the detached gill
was placed on another cannula and perfused at the same time.
(See Fig. 21 and 22) 1In order to compare the reactions, the
rates of perfusion were plotted in the same graph (See Fig. 29).
It was observed that the reaction of the anastomotic vessels
to adrenalin is just opposite to that observed in the gill,
When adrenalin was added to the perfusion fluid the arterioles
making up the anastomosis constricted and caused a decrease
in the rate of perfusion. The effect was not as marked as

the dilatation was in the case with the isolated gill, but
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was, nevertheless, quite distinct. During the perfusion of
anastomoses, it was noted that the rate of perfusion through
the anastomosis of the first gill arch was very high. The
pate of perfusion was almost as high in the second gill

arch anastomosls. In the third gill arch anastomosis, it
was lowest. In the first two gill arches, the capacity

of the anastomosis was always greater than that of the gills
on those arches. The capacity of the third gill arch
anastomosis was always less than the gill on that arch.

The results of perfusion of a third gilll and
corresponding anastomosis may be seen quantitatively in
figure 29. (10a and 23b). The curve 23b respresents the
rate of perfusion in the fhird gill. As stated previously
for the isolated gill, perfusion with perfusion fluid plus
adrenalin (1:50,000) caused an increase in the rate of
perfusion, while perfusion with perfusion fluid alone,
caused a marked decrease in the rate of perfusion. The
rate with adrenalin was 50 to 60 cc. per hour. When perfused
with perfusion fluid alone the rate dropped to 34 cc. per hour.
Adrenalin solution was again perfused and the rate went up
to 50 cc. per hour. A change to perfusion fluid alone caused
a deprease in the rate of flow to 18 cc. per hour.

During the time that the gill was belng perfused with
adrenalin solution, the anastomosis was being perfused with
perfusion fluid alone. Ihen the tubes were exchanged on the

cannulae, the gill was then perfused with perfusion fluid
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TABIE V.
Effect of Adrenalin on Rate of Perfusion in an

Isolated Gill Arch Anastomosis,.

Exp. Anastomosis on Concen= Effect on Per-
No. %ortig Agch §°° trapion fusion Rate
5 a b 4 1:10,000 decreasges
6 a x " 11 "
7 a x 1:50,000 "
8 a x " " 1l
3] 1 [ ]
?.0 : : n 1 L
" n f
g : x 1 1"
b 4 no change
3 a x 1:100,000 " " = leak
4 a 1" it N | 1 - 4]
21 a x W " "  «=0ld perfusion
22 a v decreases fluia
l a p 4 1:500,000 "
2 a x won no change - leak
162 =x 1:13000‘,000 decreases
17a x oL "
%g a . x x " (1] "
20 : x 1} 1 ts
13 a x 1:5}000,000 "
1% a x " "
15 a x nou slight decrease



alone and the anastomosis with adremslin solution. The
reaction of the anastomotic vessels to adrenalin was just
the opposite to that of the gill. The gill vessels con-
stricted when they were perfused with perfusion fluid alone,
while the anastomotic vessels constrictéd when they were
perfused with adrenalin solution. The rate of perfusion in,
the anastomosis during a fifty minute period averaged about
20 ce. per hour. When perfused with adrenalin solution, the
rate dropped to 7.5 cc. per hour. A change to perfusion
fluid alone increased the rate to 15 c¢cc. per hour. The

rate of perfusion then gradually decreaged to 12 cc. per
hour. When adrenalin was again perfused, it fell to 7.5

cc. per hour. Perfusion without adrenalin solution then
increased the rate to over 20 cc. per hour.

The experiment was repeated forty times on twenty-two
gill anastomoses., Table V shows which arches were perfused,
the concentration of adrenalin used, and the results in
each case. Only five anastomoses did not respond to
adrenalin by constriction. Three of these were found:to
have a leak in the system. One was perfused with perfusion
fluid a week old. Why there was no response 1ln the one

anastomosis (12 a) is not knowm.

Discussion.

The decrease in the rate of flow through the anastomosis
when perfused with adrenalin is not nearly as great as the
increase in perfusion rate which adrenalin produces in the
gill, It is not the magnitude of the reaction that is
- pemarkable, but the fact that in the same gill arch, we find
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sSome vessels which constrict, while others apparently dilate
when perfused with adrenalin. If we should perfuse both
sets of vessels at the same time, the reaction of one set
would tend to negate the reaction of the other set. This
explains why it was found impractical to perfuse all gills
and gill arches at the same time. In the latter part of
thls paper, which deals with the effect of oxygen, this
differential reaction of the vessels of a branchial arch

willl become even more significant.

Conclusion
The arterioles in the anastomosis at the base of the
gill constrict when perfused with solutions containing
adrenalin of 1:10,000 to 1:5,000,000.

2. The Reactlons of Branchial Vessels to
Pitressin.,
a. On the Isolated Anastamosis and Isolated Gill.

The effect of pitressin on branchial vessels of the eel
was investigated by Keys and Bateman in 1932, They con-
cluded from four experiments that this hormone in the
concentrations they used (25-50 units per liter) had little
effect on the mean calibre of the branchial vessels, It
will be shown here that pitressin (100 units per liter of
perfusion fluid) constricted the anastomotic vessels as

well as the branchial vessels,
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Method and Materials.,

The method of perfusion was the same as that described
for adrenalln except that pitressin was added to the
perfusion fluid. The pitressin was obtained from Parke,
Davis, and Company, in 1 cc. ampoules containing twenty
pressor units per cc, One cc., of this plus 199 cc. of
perfusion fluid gave a solution containing 100 pressor
units per liter. A whole branchial arch was removed from
the animal. This was divided into its component parts by
cutting off the gill proper just distal to the anastomosis,

Bach part was then camnulated and perfused.

Results

The effect of pitressin on the gill vessels was
difficult £o determine by this method because the perfumion
fluid alone gradually constricted the vessel. When pitressin
was added to this, it hastened the constriction and perfusion
fluid soon ceased to flow through the gills., Only two of
the gills were perfused for any length of time; and 1§ was
necessary to produce a pump-liké action on the perfusion
pressure in order to do this.

The anastomotic vessels invariably reacted to
pitressin by constricting. This reaction was obtained
eight times on four gill arches., These reactions are

shown quantitatively in the accompanying graph. (See Fig. 30)

Discussion.
It must be admitted that the eight experiments reported

here, four on gills and four on anastomoses, are not



sufficient to be conclusive., The conclusions are,

therefore, only tentative., It is interesting, however,

that while adrenalin constricts one set of vessels and
dilates the other, pitressin constricts both sets. It

is also interesting that adrenalin constricts the melanophores

on the gill filaments while pitressin expands these,

Conclusion,

Pitressin constricts both the anastomotic arterioles

and the gill capillaries,
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C. Direct Observations on the Reaction of

Branchial Vessels to Substances or Stimuli

Applied Externally to Gill Filaments,.

It was definitely established by the perfusion method
that adrenalin in all concentrations dilated the gill vessels;
but it could not be determined whether the increased rate of
flow with adrenalin was related to the dilatation of the
arterioles or the capillaries. The method of making direct
observations on the vessels of the gill of the intact animal

solved this problem as well as many others,

Methods and Materials

The snimals used were, unless otherwise stated, normal
A, tigrinum larvae, 1 to 3 years of age, (Colorado race).

The anesthesia used in most cases was "Nembutal", the
dose depending on the size of the animal, This was injected
subcutaneously in the midline just caudal to the gills, or
in other words, into the most cephalad part of the dorsal
body fin. In some cases, curare was used, in others, the
animals were not anesthetized. In the latter case, the
animal was placed in a condom. This was then pinned down
at various places in a wax-bottomed dissecting dish. The
animal was almost completely ilmmobilized in this way and
struggled very little after the first few minutes., A slit
was made in the condom near the base of the animal's gills

and these were pulled out through the slit. By placing a



‘gill, or an individual filament between a white piece of
paper and the objective of a binocular dissecting
microscope, 1t was possible to determine the dlameter of
any vessel in the gill filament, even without the aid of
artificial light. Many observations were made without
anesthesia and without artificial light, but in most cases
an arc light was used to facllitate the observations. The
light from this was cooled and filtered by passing it through
thick glass and a light blue solution of éopper sulphate.
This light had little, if any, effect on the vessels.
The animal was kept in shallow water and a continuous

dtream of water was passed through the dish., The
temperature was kept at approximately 200 - 220 C, This
was found to be an important factor mince the temperature,
more than anything else, regulétes the heart rate., The
heart rate was checked before and after many experiments
to make certain that this factor was not responsible for
the changes observed in the gill vessels,

| The substances to be tested were applied in various
concentrations to individual filaments or groups of
filaments or to one gill at a time, The other filaments
and gills thus served as controls. Several methods of
application were employed. In some cases tiny crystals
of the substances in question were applied for a short time to
a definite group of vessels in a4n individual filament. This
48 one of the methods devised by Krogh. In other cases the
substances were dissolved in the modified Locke~Ringer

solution and applied in variouw concentrations to
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individual filaments or gillse

Theoretical Considerations,

Many of the reactlons of the gill vessels were puzzling
until the hydrodynamic principles involved in the gill
circulation became more clear. Thése @ inciples are
intimately related to the relative sizes and arrangement
of the vessels. A diagram of an aortic arch with the
branchial vessels; and a discussion of the possible
hydrodynamics will greatly faclilltate the presentation of
the results. (See Fig. 18)

From the diasgram, it . 'is evident that there are three
ways for blood to pass from the heart to the dorsal sorta:
l. It may pass through the ventral portion of the aortic
arch, A, thence through the intermediate anastomosis,

: B, Co Dy to the dorsal portion of the aortic arch, E.

2, It may pass from A to the afferent branchial artexy F,
and thence through the arteriole, G, H, I, Jy K to the
efferent branchial vessel, L, which communicates with E,
the dorsal portion of the aortic arch.

3. Or it may pass through F, to the afferent limb of
'arteriole, G, H, and then through any capillary in the
capillary bed, M, N, 0, to the efferent limb of arteriole,
J, K, end thence to L and E.

" Under normal conditions in the larval animal some blood
travels from the heart to the dorsal aorta by all three of
these routes. In order for any blood to flow through the
capillary bed, M, N, O, of the filament, the pressure must

be greater in the afferent limb of the arterliole, G and H,



than it is in the efferent limb J, K.

The morphological conditions that make possible the
differences in pressure in the two limbs of the arteriole
are as follows: Both the afferent and efferent limbs of the
arteriole loop of the filament taper toward the tip, where
they cormunicate directly with each other; so that at
point I, the diameter of the arterliole is much less than
at elther G or K. If the arterlole loop could be stralghtened
out, 1t would be evident that if a liquid was forced through
this tube from G, to K, the pressure in the tube would be
greater at G and H then at J and K (Bernoulli's theorem).
Then in addition to the tapering of the arteriole, there is
the viscosity of the blood and the fact that the arteriole
is bent upon itself, that tend to make the pressure lower in
the efferent limb, J, K, than in the afferent limb, G, H.

By far the most important mechanism which controls the
difference in pressure in the two limbs of the arteriole
loop, is the anastomosis at the base of the gill. As long
as the vessels making up the anastomosis have a small
diameter, the pressure in the dorsal pprtion of the aortic
arch, E, and the efferent branchlal artery, L, may be much
lower than the pressure in the ventral portion of the aortic
arch and the afferent branchial vessel, If the vessels
making up the anastomosis at B dilate, there is a tendency
to increase the pressure in L, E, and K, and at the same
time, to decrease at at A, F, and G. Dilatation of the
anastomotic vessels B, has a pronounced tendency to

equalize the pressures 1ln both limbs of the arteriole loop



of the filament; and thus to stop the flow of blood through
the filaments,

There are. then; three factors that regulate the flow
of blood through the capillaries in the gill filament,
One is the tone or diameter of the capillaries themselves
(M, N, 0); another is the tone or diameter of the arteriole
at the tip of the filament I; and last, but not least,
there is the tone or diameter of the vessels in the
anastomoslis at the base of the gill. It must be remembered
that this concept of the gill eirculation 1s based on the
, anatomical considerations, and it remains to be seen whether
ior not this rather speculative, but logical, concept will be

supported by the physiological results or observations.

. Results.

Through a rather fortunate accident it was found
possiﬁle to test some of the postulated hydrodynamic
principles. In manipulating a gill filament with two
dissecting needles, one of the limbs of the arteriole lpop
was accidently stimulated by the point of one of the
nwedles. The arteriocle was seen to gradually constrict,
until it had completely stopped the flow of blood through
that part of the vessel, After a few seconds the con-
stricted portion gradually dilated.

Shortly after recording these observations, it was
realized that this reaction might be useful in studying
the effect of a change in the dliameter of any part of

the arteriole loop. The following is a description of
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the effects produced by causing a constriction at ¥arious

points in the filament.

le Effect of Mechanical Stimulation on
Branchial Vessels

An arteriole was stimulated at point X, or the efferent
limb of the arteriole near the base of the filament., The
resulting constriction eventually stopped the flow of blood
at that point. This stopped the flow of blood through the
whole filament. Blood was seen to move forward and backwards
with each heart beat in the arteriole as well as 1in the
capillaries, This fluctuating motion of the blood was
greatest in the afferent limb of the arteriole G, H, and
gradually diminished toward the constriction at X, but was
seen even in the capillaries,

Stimulation of the midpoint J, of the efferent limb of
the arteriole also caused a cessation of the flow of blood
at that point. DNear the constriction, on the side toward
point G, or toward the base of the gill, the blood
fluctuated back and forth with each heart beat. In the
capillaries, at the base of the gill, M, the blood flowed
rapidly. Contrary to expectations, blood also flowed
through the capllleries in the tip of the filament Q, but
more slowly than at the base. The flow of blood through
the capillaries at the tip of the filament was made
possible by a reversal of the direction of the flow of
blood in the capillaries near the constricted arteriole.

That is to say, blood passed through the capillaries in



the tip of the filament 0, entered the efferent limb of

the arteriole and passed toward the constricted portion

of this. The flow through the constrlcted arteriole being
impossible, Blood passed back into the capillaeries, then
flowed toward the base of the filament through the capils
laries, After circumventing the constricted portion of

the arteriole, it again returned to the efferent limb of the
arteriole and resumed its usual course,

The arteriole was next stimulated mechanically at the
tip of the filament., This constricted, and the constricted
area traveled for a short distance in the opposite direction
of the flow of blood, or along the afferent limb of the
arterlole. As would be expected, the blood did not stop
flowing through the capillaries, except those near the tip
of the filament when the constriction had migrated toward
the base of the filament. The blood fluctuated back and
forth in the efferent limb near the constricted arteriole
at the tip of the filament. Some of the blood cells could
be seen to pass back and forth from the efferent arteriole
near the tip, into the capillaries, and then back into the
efferent arteriole. The clirculation through the capillaries
may have increased, due to the constriction of the arteriole
at the tip, but this could not be definitely ascertainéd.

Mechanical stimulation of the afferent arteriole near
its middle or at polnt H, caused the usual constriction at
that point. The capillaries proximal to this were open.
Distal to the constriction, blood did not flow through the

capillaries, but fluctuated between the efferent arteriole
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and the caplllary bed with each heart beat. This fluctuation
was also evident in the arteriole at the tip of the filament,
and even as far proximal in the afferent limb as the con-
strictioﬁ. All of the above observations were made a number
of times on six different animals.

To determine whether or not the capillaries, as well as
the arterioles, were endowed with the abllity to contract
independently, the sgme method of mechanical stimulation was
tried on the capillary bed of a filement. A filament was
supported by a glass slide and both were but slightly
submerged in water. A slight pressure was exerted on the
capillary bed of the filament with a pin point. The
capillaries in the reglon stimulated, closed down almost
irmmediately. This reaction sooﬁ spread in all directions.
Eventually a relatively large circle in the capillary bed
was seen where no blood circulated; while blood in' the
caplllary bed of the same filament near this area, circulated
normally. The extent to which the reaction spread depends
on the sensitivity of the animai and the strength of the
stimulus.

To produce a strong mechanlcal stimulus, a capillary
bed of a filament was pilerced by the needle. The reaction
to this stimulus was quiteruniform. If the needle pierced
the filament near the middle or near points H and J, of the
arteriole, spreading of the constriction of the vessels
involved, not only capillaries, but also the arterioles on
both sides of the filament. If both of the arterioles

closed completely, as happened occasionally, no blood
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clrculated in the distal pbrtion or tip of the fllament,

The filament became narrow or wasp-walsted in the area where

the vessels had constricted. At the height of one of these

reactions, the width of a filament was measured by means of

an occﬁlar micrometers
Just proximel to the area constricted, 1t measured 0.76 mm.
At the area constricted, it messured 0.40 mm.
Just distal to the area constricted, it measured 0.50 mm.
When the capillary bed of the filament was pierced by

a needle, two or more of the caplillaries at the point

stimnlated were usually torn open. Only a few blood

corpuscles escaped from these openings, because of the

rapid constriction of the surrounding vessels. This is,

undoubtedly, a protective mechanism to prevent bleeding,

which is extremely important in such a delicate‘and easily

injured structure as a filament on an external gill. When

the vessels surrounding the point of injury again dilated,

no bleeding occurred. This explains why 1t was impossible

to localize the part of the filament that closed up during

perfusion of the gill. It will be remembered, that in an

attempt to solve this problem, the arterioles and capil-

laries were cut with scissors in varlious places. This

intense mechanical stimulation caused these small vessels

to constrict to such a degree that it was impossible to

force the perfusion fluid out of the cut ends of these

with the pressures employed.

Discussion,.
From all the work presented here, on the mechanicsal

stimulation and injury of blood vessels in various parts
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of the filament, what should be emphasized above all else
is, first that contractile elements exist in a gill
filament that are capable of altering the diameter or tone
of caplillaries or arterioles. Second, that these elements
may megilate the diameter or tone of individual cagpillaries
or a small part of the arteriole in any filament. Third,
that if the caplllaries and arterioles in a certain part
of the filament constrict to the point of stopping the flow
of blood, the filament becomes narrow or constricted in
that region. In general, it may be said that when the
vessels in a gill filament are dilated, the filament is
much longer and wider than when they are constricted,

The search for contractlile elements in the gill
filament, that was prompted by these observations has been
unsuccessful so far. The only cells that could be
responsible appear to be connective tissue cells, and it is

& ubtful that these have the ability to contract,

2. The Effect of Adrenalin on Branchial
Vessels as Determined by Direct
Observation.

The method of meking direct observations on the
branchial vessels was used to confirm the results obtained
by the perfusion experiments., It was possible, by this
method, to definitely establish the fact that, when a gill
was treated with adrenalin solutions, the caplllaries

d lated tremendously.



Methods and Materials

The anesthesia and technique of arranging the animal
was the same as described previocusly. It was found possible
to place one of the animalt!s gills in a special observation
disﬁ or tray.' It could thus be immersed in solutions
containing any test substances in any desired concentration.
The corresponding gill on the other side was used as a\
control gill, Eventually a technique was devised which
permitted the application of a test substance to a single
gill filament, By this method, control filamehts could

be observed simultaneously.

Results.

The effect of adrenalin was tested thirty times on
twelve different animals. The concentrations ranged from
1:2,000 to 1:1,000,000. The effect observed was always
an unmistakable dilatation of the capillaries of the gill
filaments., In addition to the observations that the
cap lllaries increase in diameter, there is other evidence
in favor of a capillary dilatation.

While observing the capillaries in the tip of a
glll filament 0.2 cc of a 123000 solution of adrenalin was ..
injected into one of the aortic arches. Strdmgely enough the
blood stopped flowing through the vessels at the tips of
the filaments. That this was not due to constriction of
the vessels was evident. Moreover, the vessels at the tip
were filled with blood that seemed to fluctuate back and
forth with each heart beat. Why the blood should stop



flowing through the tip of the filament was indeed
perplexing until it was observed that the capillaries at
the base of the filament had dilated to such a degree that
it was possible for all the blood to pass through a few
capillaries located near the base of the filament.

(See M'Fig,18) Here it flowed quite rapidly, following

the easlest and shortest route through the filament.

Conclusion,

By the method of direct observation, it was possible
to show conclusively that adrenalin, in all concentrations
tested, produces an extreme dilatation of the gill capil-
laries, It was not posd ble to observe any change in

the diameter of the arterioles.

Other Substances.
A number of other substances were tried in the same
manner as déscribed for adrensalin. These results will be

described briefly:

3. The Effect of Pitressin on Branchial Vessels.,

Pitressin (1:10 in salamander Locke-Ringer) constricted
the capillaries and arterioles. .2 cc. full strength
pltressin plus «2 cc of the above mixture, constricted the
capillaries and arterioles. Pitressin (1:15) constricted
both the capillaries and arterioles. These results were
repeated six times on different filaments and invariably
the capillaries and arterioles constricted. Compared with

the action of adrenalin, the effect of pitressin is very
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transitory. .1 cc pitressin, injected intravenously,

constricted both the caplllaries and arterioles.

4. The Effect of Acetic Acid on Branchial Vessels,
When acetic acid was applied in concéntrations of
1:200 and 1:1000, it produced a dilatation of the branchial
caplllaries and constriction of Bhe arterioles. It has much
the same action as adrenalin, This reaction was obtained in

three experiments.

5. The Effect of Lactic Acid on Branchial Vessels,
Lectic acid was employed in the same concentrations as
acetic acid and the same number of times, This had exactly

the same actlon as acetic acid,

6. The Effect of Acetylcholine on Branchial Vessels,

Acetylcholine, 1:1000, when applied externally to a
filament, dilated the arterioles and probably the capillaries.
The dilatation of the arteriole at the tip of the filament
was sometimes so great that all the blood flowed through the
arteriole at the margin of the filament, none of it went
throigh the capillary bed. It was certaln that the'capil-
laries were not constricted, but under the circumstance, it
was difficult to determine that they dilated actively.
This reaction was obtained ten times in‘ten experiments,
The injection of .0003 grams of acetylcholine killed the
animal almost instantly. All vessels were dilated. The
injection of .000125 grams caused all vessels to dilate:

branchial, systemic, arterioles, and capillaries,
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7« The Effect of Histamine on Branchial Vessels,
Histamine, 1:1000, dilated the branchial capillaries.

Only three experiments were made with histamine,

8. The Effect of Nicotine on Branchial Vessels,
Nicotine was tested sixteen times. Nicotine, 1:1000,

constricted the arterioles. When applied to a single
filament, it produced a twitching of the filament. It
caused the afferent limb of the arteriole loop of the
filament to shorten, Because of this, the filament assumed
a crescent shape. After the initial stimulus had worn off
(in a few seconds), the filament sometimes became straight again.
This was frequsntly accompanied by a bursting of the arteriole
at the tip of the filament. Blood spurted from the tip for

some time and then 1t suddenly stopped.

9. The Effect of Urethane on Branchlal Vessels.
Very fine cfystals of urethane were applied directly
to the capillary bed of a filament for a short time. (This
method was devised by Krogh for use on the frog'!'s tongue.)
Urethane caused great dilatation of capillaries and arterioles;
and eventually produced stasis of long duration, Urethane was

tested five times.

10, The Effect of Butyn on Branchial Vessels,
Butyn (0.5%) dilated the ‘branchial capillaries in three

experiments.
11, The Effect of Cocaine on Branchial Vessels.



Cocaine (0.5%) had a tendency to constrict the gill

caplllaries in five tests,

12, The Effect of Caffein on Branchial Vessels,
Caffein was tried several times, but even when pure

crystais were applied, little, if any, effect was noled,

13, The Effect of Methylene Blue on Branchial Vessels,

Methylene blue, 122000 to 1:100,000, produced a definite

constriction of the gill caplllaries, This was demonstrated
in twenty perfusion experiments and four times by direct

application to the gill filament.

14, The Effect of Tissue Extract on Branchial Vessels,
Tissue extract (vagotonine or kalikrein) was tried only
twice, but it seemed to have little, if any, effect on the

branchial vessels.,

15, The Effect of Crystalline Thyroxine on
Branchial Vessels,
Crystalline thyroxine was also tested, both by application
of pure crystals and solutions, but 1t had no observable effect
on the branchial vessels. The observations were, however,

of short duration.
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l6. The Effect of Changes in Oxygen and
Carbon Dioxide Tension of the Blood

on Branchial Vessels,

In an earlier paper on the effect of ligating the
pulmonary arch, (Figge, 1930) it was predicted that a change
in the oxygen tension of the blood supplying the gills was
at least partly responsible for gill reduction. The following
quotations are taken from the discussion of the paper: "It is,
therefore, thought that the reduction of gills in the controls
is due in part at least to this change from a low to a
relatively high oxygen content of the blood supplying them" - ~ -
This recalls the attempts of von Chauvin and of BoulengerA
to enforce metamorphosis by enforced air breathing, or by
purely external non-glandular factors. Many of these
attempts were doubtless successful, but later investigators
have obtained vayying and confllcting results. One is given
the impression, however, that there is something in the
external environment (oxygen perhaps) that plays some ﬁ%le
in the production of metamorphlc changes. The possible
relationship that may exist between these external factors
and the internal secretions is not fully understood at the
present time", - - - - "It is perhaps needless to point out
that it may be of extreme importance to the developing
amphibian to have an arrangement whereby the gills are not
peduced until oxygen is avallable from another source",

Por the entire chaln of reasoning that led to this hypo-
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thesis, it will be necessary to refer to the earlier paper.
It may be summarized briefly as follows:
l. The gills are not reduced in any amphibian until there
is developed an adequate oxygen intake at points other than
the gills,
2. When blood 1s oxygenated at these other points, lungs,
skin, or pharynx, it returns to the heart and is sent to the
gills, |
5. The hypothesis is that when the gllls are thus supplied by
oxygenated blood, they will be reduced.

The method devised to test this hypothesis is not only

practical, but simple and the results are conclusive.

Methods and Materials,

The animals used were normal A. tigrinum larvaé, one to
three years old. These varied in size, (body length 70 - 140
ma, )

Most of the animals were anesthetized with "Nembutal®.
This was found to be far superlior to chloretone, urethane;
chloroform, or ether. All of the last mentioned drugs, in
concentrations sufficiént to produce anesthesia, cause such
great variation in heart rate and vascular tone that it was
impossible to work with them. Chlorotone anesthesia very
frequently stops the flow of blood in the gills almost
completely; this is not due to the constriction of gill
vessels but due to a very low heart rate. With "Nembutal”,
however, the circulation was always very good in all parts

examined, and the heart rate varied only with variations
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in temperature. After some experimentation with the dosage,
it was found possible to regulate this according to the size
of the animal and the length of the anesthetic period
desired., It was possible with "Nembutal” anesthesia, to
make observations on the branchial vessels for as long a
period as ten to fifteen hours. The animals usually
recovered within twenty-four hours. A few curarized
animals were used, and in order to avoid the possible
eriticism that the effect observed was due to the
anesthesia, a number of experiments were performed on
unanesthetized animals, These were ol ized by the
mebhod described previously. The incisions necessary

were made under local anesthesia (cocaine).

After the animal was anesthetized it was pinned down
in a wax-bottomed dish partly filled wlith salamander
Locke-Ringer solution. An incision was then made in the
abdominal wall just lateral to the estimated position of
the tip of the lung. The tip of the lung was then pulled
out and cannulated. The lung was then pushed back into
the abdominal cavity to near the normal position. The
cannula was kept in position by a holder that rested on
the wax in the dish. It was arranged so that either a
stream of oxygen or carbon dioxide or any desired mixture
of these gases might by passed through the cannula. The
gas which passed through the lungs was driven out, either
through the glottis or through a hole in the tip of the

other lunge.
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The humidification of the gases tested was effected
by bubbling it through distilled water. Another bottle with
a longer inlet tube and a higher column of water served as
& pressure regulator, so that it was not possible for the
pressure In the cannula to go sbove 6 cm. of water,

The effect of the varliation in the oxygen and carbon
dioxlide tension in the blood was determined by direct

observation on the gill vessels as described previously.

Results.

The effect of oxygenated blood on the branchial vessels
was tested thirty-five times on ten different animals. The
result was, in all cases, a decrease in the amount of blood
passing through the gill. If the oxygen treatment was con=-
tinued long enough, a complete cessation of the flow of
blood in the gills resulted. This was not due to a decreased
heart rate since this was taken before and during the
administration of oxygen. Usually the heart rate was the
same during the.treatment with oxygen, occasionally less,
and sometimes even'higher. Moreover, it was noted that
even though no blood flowed through the gill capillaries,
it was flowing very rapidly through the capillaries in the
gill blade, operculum, and the circulation in the lung was
very good. The cessation of the flow of blood in a gill
cannot, therefore, be due to a decrease in the heart rate
or general blood pressure.

The direct observation of these vessels shows that

the arteriole of the filament dilates in both limbs and
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especlially at the tip. One is also able to observe an active
constriction of the capillaries. Both of these reactions

are difficult to describe quentitatively. In addition to

the observations on the change in diameter of the capillaries,
there are other observations that may be taken as evidence

of active constriction. If the capillaries were merely
passive, and had no way of increasing or decreasing their
tone, the only factor that would cause a cessation of the
flow of blood in them, would be a decrease in the blood
pressure on the afferent side,vor an equalization of
pressures at both ends of the capillary, That this is not
the only factor coperating to stop the flow of blood in the
capillaries may be seen from these facts: (See Fig. 18)

l. The pressures on both ends of the capillaries are never
equal as long as blood flows through the arteriole G, H, I, J,
to K. For if the pressure at G were exactly equal to that

at K, no blood would flow from one point to the other. The
caplllaries were frequent;y closed off while blood flowed
through the arteriole loop from G to X.

2. If it were merely a matter of equalization of pressures
at both ends of a capillary, we would expect all of them in
one filament to close off at once., But this did not happen.
In most cases, the caplllaries at the base or middle of the
filament closed off first and later the capillaries at the
tip of the filament. Sometimes, however, it was just the
opposite. At any rate, blood did not stop flowing in all

of them at once. When carbon dioxide was given and blood

again began to flow thoough the capillaries in the filament,



the last capillaries to close down were the first to open
upe.’

We may conclude from this that there is an active
constriction of the caplllaries in the filament. When the
filament is supplied with oxygenated blood.

A. portion of a protocol of one of these experiments

follows:

Animal XXVI B 6, Colorado Axolotl, curarized. January
13, 1934,

Condition: Larval, normal. Respiratory reflexes (as
evidenced by occasional gill movements) intact during the
entire experiment,

35¢40-4,20 p.ms Operation: An incision made in right side,
tip of lung pulled out and cannulated. Left lung
was likewise pulled out and cannulated to allow
the gas to escape from the tip of that lung.

4,25 p.m. Pulse rate - 57 beats in 60 sec,

4,28 Oxygen started through lungs. Bubbles coming out
of animal's mouth and incision in left lung.

4,33 Many of the capillaries in gill filaments closing
off. Heart beating as hard and fast as ever,
Respiratory movement stopped. Filaments seem to
be decreasing in size, Heart rate =~ 45 beats in
47 seconds.

4,35 pems Gill capillaries practically shut off, even at
the base of the filaments,

4,40 Stopped oxygen and began ventilating animal's
lungs with explred air,

4,45 Blood begins to flow through capillaries at tip
of filament (evidence of capillary constriciion
at base of filsment). Respiratory movements
coming backe. Blood in fifth aortic arch becoming
darker.

4,50 Gill circulation opening up. Filaments seem to

be larger and more fluffy. Pulse rate - 41 beats
in 43 seconds.



5¢35 p.m. Started oxygen through lungs which are dis-
tended in a few seconds, Circulation in gill
capillaries normal, Distension of lung with
oxygen seems to dlilate lung capillaries,

S5.37 Blgod in aortic arches has become bright light
red.

5.44 Pulse rate - 62 beats per 60 seconds. Filaments
becoming pale.

.45 Blood still flowing through capillaries at tip
of filament. s

5.49 Even the blood in the sixth aortic arch is
11 gh.t red.

. 6400 Capillaries in gilll completely closed off,

Blood flows through the arteriole loop.

6.10 Same as above, Heart rate - €62 beats per
60 seconds.

6.20 Condition the same,
. In general, 1t was observed that the capillaries in the
first gill closed first, then those in the second, and the
last ones to react were those in the third gill, This is
related to the action of the spiral valve which sends'most
of the blood from the lungs to the first gill, a slight
portion of it to the second gill, and very little, if any,
to the last gill and sixth aortic arch. This observation
willl also be related to the morphology of the anasbomosis
at the base of the gill and will be referred to later.

" A8 it had been established that a change from venous
(reduced) to oxygenated blood caused a cessation of blood
flow in the gill capillaries, and that this wax not due to
a slow pulse, the following question arose: Was the
cessation of the flow of blood through a gill due entirely

to the constriction of the gill capillaries, or could this



be related in any way to the reactions of the anastomotic
vessels at the base of the gill?

This question was answered by making direct
observations on the anastomosis at the base of the gill
during oxygen treatment. Before the blood was thus -
oxygenated in the lungs, no blood flowed through some of
the snastomotlc vessels; they were, therefore, not noticed
until three minutes after the oxygen treatment was started,
These dilated gradually and finally carried a wide stream
of blood. Eventually most of the blood passed directly to
the dorsal aorta through the anastomoéis and very little
passed through the gill. Tkn percent carbon dixoide was
then passed through the luhgs. The blood in the aeortic
arches became darker and the arterioles in the anastomosis
gradually constricteds Blood soon stopped flowing in many
of the arterioles of the anastomosis. Eventually, most of
the blood passed through the gill and only a reatlively
small guantity passed through the anastomosis,

It was thought that the branchial vascular reactions
might be due to a reflex caused by the distension of the
lungs. That the reaction was not a reflex was evident from
the speed of the reaction and the longllatent period. The
blood did not stop flowing in the branchial capillaries
suddenly. On the contrary, only a few capillaries at a
time closed off and the whole reaction took place so
gradually that it sometimes extended over a period of twenty
to thirty minutes. Meanwhile, the blood in the aortic arches,

judging from the color, became more and more saturated with



Ooxygen. The reaction time was also related to the degree
of ventilation of the lung and to the condition of the
circulation in the lungs. In the second piace, the resction
cannot be a reflex caused by the dissension of the lungs,
because if expired air, nitrogen, or nitrogen plus carbon
dioxide, was used to distend the lungs, just the opposite
effect was produced. Blood circulated through the gill
capilleries at a tremendous rate,

In spite of all this evidence against the possibility
of the reaction being due to a reflex, the following experi-
ment was performed. An animal was prepafed and cannulated
in the usual manner, All the gill capillaries were closed
off by passing oxygen through the lungs. Fifteen per cent
carbon dioxide was then passed through the lungs to cause
blood to circulate in the gill capillaries. All the nerves
to the lungs and gllls were cut on one side, This included
sectioning the vagus and glossopharyngeal nerves close to
the chondrocranium. The oxygen experiment was phen
repeated and observations made on the gill vessels on both
the operated and unoperated side. The reaction occurred
on both sides at the same rate and degree.

In another animal, the same procedure was followed
and the same results obtained. Then the other lung and
gill were also denervated, and the lungs inflsted with
oxygen. The gill capillaries again closed and reopened when
the lungs were ventilated with carbon dioxide. This is
additional evidence that the reaction cannot be dependent

upon & reflex,



Discussion

1t was stated in the discussion of the hydrodynamics
of the gill filament, that a cessation of the flow of blood
in the capillary bed, M, N, 0, might be related to an active
constriction in the capillaries themselves, a dilatation
of the arteriole at the tip of the filament I, ora
dilatation of the anastomotic vessels at the base of the
gill. (See Fig. 18) All of these reactions occur when the
gill arch is supplied with oxygenated blood. There can be
no doubt, however, that the dilatation of the arterioles
in the anastomosis at the base of the gill are largely
responsible for the cessation of the flow of blood in the
capillaries of the fllaments. Any increase in the diameter
of the arterioles in the anastomosis will tend to equalize
the pressure in the afferent and efferent branchial arteries,
and unless a difference in pressure exists, no blood will
flow from one to the other through the gill vessels. 1In
the case of the third gill arch, the anastomosis is not well
developed; and even though the arterioles dilate to the extreme,
they cannot shunt all the blood of this arch to the systemic
circulation. This is probably why it is freguently impossible
to completely stop the flow of blood through the third gill.
The active constriction of the capillaries in the filament
are, therefore, of secondary importance in stopping the flow
of blood through the capillary bed.

The reaction of one set of veasels is just the reverse
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of that of the other. The reactions, however, augment

each other in stopping the flow of blood through the gill.,
In other words, a summation of the effects produced by the
differential reactions of the branchial vessels prevents the
flow of oxygenated blood through the gill., This differential
reaction of the branchial vessels, l.e., a dilatation of

the anastomotic arterioles and a constriction of the
branchial capillaries when they are supplied with oxygenated
blood, is a truly remarkable mechanism. It prevents the
waste of the energy that would be necessary to force
oxygenated blood through the gill. Instead of having to
pass through the gill, the oxygenated blood is shunted
directly to the systemic vessels through the anastomosis.

It is this same mechanism that makes it possible to reduce
the gills, when during a normal metamorphosis, more and more
oxygen begins to enter the blood at other respiratory

surfaces.



IITI. SURGICAL CONTROL OF GILL CIRCULATION.

The Effect of Stopping the Flow of Blood in a Gill,

It was found that oxygenated blood caused the cessation
of the flow of blood in the gill capillaries. Before it
could be concluded that when the gills are supplied with
oxygenated blood they would be reduced, it was necessary to
show that a cessation of the flow of blood through a gill
would cause the reduction of that organ.

Fortunately, this had already been demonstrated by
ligation long before the oxygen experiments were made. The
significance of the ligation experiment was, however, not

appreciated until after the oxygen experiment.

Method and Materials

The ventral portion of the third, fourth, or fifth
aortic and visceral arches were ligated in two places by
a technique described in earlier papers. (Figge, 1934)
Two dental floss ligatures were passed 1n one gill slit and
out the gill slit just cephalad to this. The ligatures
thus passed around one aortic and its corresponding visceral
arch. One ligature was tied near the ventral end of the
visceral arch and the other near the dorsal end. The arch
eventually fell out between the ligatures. The two ends of
the arch never again touched, therefore, there was no
possibility of regeneration., This method stopped the flow

of blood through the gill as well as through the anastomosis,
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Some blood may have reached this gill from the dorsal

aorta, but this had passed through the other gills and was,
therefore, relatively high in oxygen content., Moreover, it
did not flow through the gill, but fluctuated in the gill
vessels; & condition very much like that produced by
dllating the anastomosis with oxygenated blood. (See Fig. 23)

Twenty-one gill arches were ligated in this manner,

Results.

The filaments disappeared from the ligated gills
within three or four weecks, The filaments on the other
gills of the same animal seemed to grow longer and larger
to compensate for the loss of the operated gill., Figure
23 is a photograph of corresponding gill arches of the
sgme animal, The filaments are completely reduced in the
operated gill in which the flow of blood was prevented
by a ligature on the ventral portion of the aortlc arch.
The filaments are large and long on the corresponding

gill from the same animal.

Conclusion.
The gill filaments are reduced when the flow of blood
through a gill is prevented by a ligature on the ventral

portion of the aortic arch.
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General Discussion.

The problem, as stated earlier, was: FirsE, to
discover the factors that caused the gill vessels to Dbe
obliterated and other vessels to take over the respiratory
funcpion. Second, to determine the relationship between
the morphogenetic process of glll reduction and the vascu-
lar reactions. This paper is a contribution to the
solution of these problems,

Of the substances tested, only a few of them are to
be considered as possible factors in a normal gill re-

duction. The substances are listed wlth the reactions

obtained:

Substances Tested Action on:-

-—— e - — — — — — _ Anastomotic arterioles Gill Capillaries.
Adrenalin constricts dilates
Lactic Acid constricts dilates
Acetic Acid constricts dillates
Carbon Dioxlide constricts dilates
Pitressin constricts constricts
Acetylcholine dilates dilates
Oxygen dilates constricts

Fron this, we sece that there are four types of substances,
In the first group are four substances having the same action.
Adrenalin, lactic and acetic acids and carbon dioxide con-
strict the arterioles in the anastomosis at the base of the

gill and dilate the gill capillaries. Pitressin constricts,
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acetylcholine dilates both sets of vessels. The effect of
oxygen 1is just ﬁhe opposite to that of the first group,
(adrenalin, acid group) in that it dilates the arterioles at
the base of the gill and constricts the capillaries in the
glll filaments.

It may be seen that any increase in carbon dioxide,
adrenalin, or acid mebtabolites in the blood would incresse
the circulation through the gill, Therefore, these substances
would not bring about gill reduction. 1In this comnection, it
is interesting that Helff (1932) measured the pH of the blood
of Anuran larvae, He found that during metamorphosis,
there is a drop from 7.50 to 7.20, or an approximate drop
of 0.3, He attempted to relate many of the so-called
"degenerative changes" that occur during larval involution
to this change in theuhydrogen ion concentration of the
blood. In the first place, the reduction of gills in
Urodeles is not a degenerative process. It is a
morphogenetic process. Thls concept was developed from an
histological study of gill reduction. In the second place,
the reactions of the branchial vessels to acid substances
in the blood are diametrically opposed to what happens in
a normal gill reduction. The opinion of Helff 1is,
therefore, not substantiated in this work, at least as far
as gill reduction is concerned.

Oxygen, of all the substances tested, has an action
that is most effective in stopping the flow of blood through
a gill., This has a double action, because it constricts the gill
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capillaries and, at the same time, dilates the anastomosis
at the base of the gill, This supports the contention
that oxygenated blood going to the gills is one of the
factors causing gill reduction.

Acetylcholine might also assist in gill reduction,
because its action resembles that of oxygen, in that it
dilates the anastomosis at the basé of the gill, At the
same time, however, it also dilates the capillaries in
the filament. It would, therefore, not be such an ideal
substance as oxygen for stopping the flow of blood through
a glill,

The hypothesis, that the gills are reduced because of
the cessation of the flow of blood through the gill capil-
laries, is substantiated not only by 6bservations made on
gills during a normal gill reduction, but also by experi-
mental evidence furnished by experiments on ligation of
branchial vessels.

Probably the most interesting and fundamental féct
that emerges from this work 1s the observation that in the
same organ, one set of vessels dllates while another constricts,
when treated with the same substance, (bxygen, carbon dioxide,
adrenalin, acids). Before these physiclogical reactions can
be completely understood, the morphology of these vessels must
by studied in greater detail. The differential reaction may
be related to morphological differences in the contractile
elements on the walls of the vessels in question., The reaction
of the Rouget cells (Krogh, 1929; Vimtrup, 1922), or pericytes
(Zimmermenn, 1922) may be decidedly different from that of the
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muscular tunic on the arterioles. XKrogh and his school
(Vimtrup and Zimmermann) claim that there is a gradusl
transition from the muscle cells on an arteriole to the
Rouget cells on the capillaries. In addition, these cells
have been seen to contract, (Vimtrup)j They, therefore,
assume that Rouget cells are the same as the smooth muscle
cells in any other part of the vascular system, except that
they have been modified into branching célls., But even
though it would be possible to demonstrate a morphological
difference between the two sets of vessels and the two sets
of contractile elements, it would not explain the
differential reactlion, because some substances do not induce
this reaction. That is, certain drugs, such as pibressin,
cause both sets of vessels to constrict, while acetylcholine
causes both sets of vessets to dilate.

That histamine constricts the arterioles, while it
dilates the capillaries, was shown by Dale and Richards in
1918, No work on the wvascular system,‘since the time of
Harvey, shows such a clever analysis of the physioclogical
results. They concluded, "that the vasodilator effect of
histamine, and probably thét of adrenalin (very low con-.
centrations) are due to relaxation of the tone of
capillaries, while that of acetylcholine is due to its
action on arterioles. Histamine has a constrictor effect
on arteries; the better known vaso-constrictor effect of
adrenalin probably involves both arteries and capillaries.”
They admit, "That no exact line can be drawn as to the point
where the characteristic arteriole reaction gives way to

tne characteristic capillary reaction." Even before Krogh,
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these investigators suggested" that the current conception
of the peripheral resistance to blood flow, as determined
almost exclusively by the tone of the arterioles, allows too
1little importance to capillary tone as a factor™,

The results of Dale and Richards have been discussed at
such length, not only because it is an example of beautiful
physiological analysis, but also because these investigators
demonstrated a differential reaction of blood vessels to
histamine, That is, that histamine constricts arterioles
and dilates capillaries. Their results have been confirmed
over and over againj; but it must not be forgotten that the
conclusion was not the result of direct observations on the
capillaries, but of physiological speculation. That they
realized as much, may be gathered from an excerpt from their
paper: "For the sake of brevity and emphasis we have
throughoﬁt this paper spoken of the vasodilator effect of
histamine (and by analogy that of adrenalin) as due, in our
opinion, to action on capillary walls; of the constrictor
effect of histamine, and the dilator effect of acetylcholine
as due to action on arterial muscle. IT IS IMPORTANT,
THEREZFORE, TO MAKE IT CLEAR THAT NO SHARP DISTINCTION IS
WARRANTED BY OUR EVIDENCE. WHAT WE HAVE ACTUALLY ON EVIDENCE
IS THAT THE ANATOMICALLY SEPARABLE ARTERIAL BRANICHES ARE
STIMULATED TO CONSTRICTION BY HISTAMINE AND ADRENALIN, TO
DILATION BY ACETYLCHOLINE; THAT, THEREFORE, THE DILATOR
EFFECT OF HISTAMINE, WHICH UNDER IDENTICAL CONDITIONS,
PREDOMINATES IN THE WHOLE ORGAN, MUST BE AN EFFECT ON
VESSELS MORE PERIPHERAL THAN THESE. (The italics are mine.)
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The condi tions necessary to producé this vasodilator effect
support the view that it is mainly an effect on capillaries,
The possibility is not directly excluded that it may spread
on to the smaller arteries, overlapping with the
vasoconstrictor action in such a way that there is a

zone in which one or other action is the effective
resultant according to the dosage. At the same time there
is no evidence of such overlap in the case of histamine,
and such a conception would renew our original difficulty
of reconciling a relaxing effect on arterial muscle with
the stimulant action of histamine on all kinds of plain
muscle in any dose in which it is effective at all,"

The method of direct observation and the objecﬁ used
for study in this work, leave little room for much
physiological speculation as to which blood vessels react,
or how they react with any given substance, Dale and
Richards demonstrated the differential reaction of capil-
laries and arterioles to histamine indirectly., In this
work, the differential vascular reaction has been

demonstrated by direct observation for a number of
‘substances, (adrenalin, lactic and acetic acids, oxygen,
and carbon dioxide). When the mechanism of differential
vascular response to the same substance in the same organ
is fully appreciated, and if it becomes possible to demon-
strate this in other forms, the physiologlcal significance
of this work will become increasingly apparent.

Whether a similar mechanism of differential vascular

response wlll be found in other organs or other forms remains
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to be seen. The anatomical basis for the possibility of
such differential vascular responses have been known for
sane time. Anatomists have known for many years of the
exlstence of direct communications between the arteries and
veins that are distinctly larger than capillaries, These
were called arterio-venous anastomoses. Between the year 1862
and the present, at least fifteen different investigators have
described arterio-venous anastomoses. (For reviews of this
field see Krogh, 1929; Clark and Clark, 1934; and
Weidenreich, 1933). Physiologists have consistently dis-
regarded these structures, with the result that our knowledge
of their function has been largely based on anatomical
speculation. Recently, however, direct observations have
been made on the activity of these arterio-venous anastomoses
in the living animal, Clark and Clark used the transparent
chamber in the rabbit's ear. Grant (1930) and Grant and
Bland (1931) made direct observations on the arterio-venous
anastomoses in the rabbit's ear, bird's foot, and human
skin, All of these investigatofs found that an arterio-
venous anastomosis may vary greatly in diameter from time to
time, Grant found, in.addition to the great variations in the
diameter produced by changes in temperature, that local
mechanical stimulation, acetylcholine, and histamine dilate
arterio-venous anastomoses; whlle adrenalin and sympathetic
stimulation produce constriction in these vessels,
"Heimberger (1925) has also been able to observe the
peaction of arterio-vemous anastomoses in a considerable

number of fingers of persons with a delicate skin. IHe
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describes them as short connectlons between arterioles

and venules, short circuiting the long capillary loops.

He finds these channels normally closed to be opened up for
& short period by weak mechanical stimulation. His findings
are supported by observations of the blood flow in super-
ficial venules and capillaries which are explicable only

if arterio-venous anastomoses exist in close proximity

to the vessels under observation. In a few cases Heimberger
has seen pulsation of the blood in venules when the
corresponding arterioles were closed and the blood in the
capillaries guiescent. This is possible only when the
venule in qaestion possesses another connection with the
arterial system, through which the pulse is admitted. It
follows from the observations of Heimberger that his
'tderivating channels' must by able to contract and expand
and to close up entirely” (Krogh, 1930)

This brief review of the work on arterio-venous
anastomoses is topoint out the possibility that blood may
pass from the arteries to the veins, either by passing
through the arterioles and capillaries, or it may be
shunted directly from arteries to veins by arterlo-venous
anastomoses, The circulation in a gill arch is quite
similar; blood may pass, either through the gill capillaries,
or take a short cut thpough the arterioles at the base of
the gill. The arterio-venous anastomoses may be taken as
the snatomical basis for the possibility of demonstrating

a mechanism of a differential vascular response in organs
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other than urodele gills., The influence that such arterio-
venous short circulits might have on the flow of blood through
the capilllary bed of other organs would be well worth in-
vestigating.
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SUMMARY AND CONCLUSION .

l. Repeated branchio-vagotomy or complete vagotomy
(including the glossopharyngeal) did not inhibit meta=
morphosls of A, tigrinum larvae.
2, Neither branchio-vagotomy nor complete vagotomy had
any effect on the metamorphosis which was induced by
thyreo-activator.
3« It may be concluded the vagal reflexes are not
necessary for the morphogenetic process of gill reduction
or any other metamorphic process,
4, Removél of the cervical sympathetic trunk and stellate
ganglion did not inhibit the gill reduction or metamorphoéis
which was induced by thyreo-activator.
5. Stimulation of the peripheral end of the branchial
branches of the vagus caused the cessation of the flow of
blood through a gill., This was probably due to the action
of the depressor branchii muscle, Stimulation of the
central end of the branchial vagus trunks caused inhibition
of the heart. This physiological evidence supports the
morphological hypothesis that the branchial branches of the
vagus are homologous to the aortic and carotld nerves in
mammals,
6e The blood pressure of the larval salamander was
measured and recorded., This was found to vary between
4 - 10 mm. of mercury. The limitations of this method of
determining vascular reaction were‘pointed out,
7. By perfusion of individual parts of branchial arches

and gills, it was shown that:
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&+ Adrenalin dilated the gill vessels, and con-
stricted the arterioles making up the anastomosis
at the base of the gill.
b. That pitressin constricted both gill vessels
and the anastomotic arterioles.
8. The results obtained by perfusion were confirmed by the
method of making direct observation on the branchial vessels.
9. By mechanical stimulation, it was shown that:
8. The capillaries in the gill filament had the
power of independent constriction. |
be That, if the capillaries in a certain area of
a glll filament are stimulated mechanically, these
constricted and the reaction spread in all directions.
This constricted circle of vessels sometimes included
the arterioles at the margin of the filament,
¢. The above reaction took place in spite of treat-
ment of the filament with cocaine or butyn. Thus,
there is no evidence that this reaction is related to
the axon reflex hypothesis as postulated by Krogh and
Woollard.,
10, It was established by direct observation that adrenalin,
lactic and acetic acid, histamine, acetylcholine, urethane,
butyn, and carbon dioxide dilate the gill caplllaries.
Pitressin, cocaine, methylene blue, and oxygen constricted
the glll capillaries,
11, The most significant part of this work, both for the
explanation of gill reduction and physiology of blood
vessels 1in genersl, 1s the discovery of the differential
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reactions of blood vessels of a branchial arch. Adrenalin,
carbon dloxide, lactic and acetic acid constrict the
arterioles and dilate the branchial capillaries, while
oxygen dilates the arterioles and conséricts the branchial
capillaries.
12, Reduction of a gill was brought about by stopping the
flow of blood through it by means of ligatures on the
afferent branchial artery.

Since it was shown that oxygenated blood prevents the
flow of blood through a gill, it may be concluded that a
change in the oxygen content of the blood sent to the gills

is a factor in gill reduction.

~-101-



BIBLIOGRAPHY

Benninghoff, A, 1933. "Das Herz", Bolk, L., GSppert, E.,
Kallius, E., and Lubosch, W., Handbuch der vergleichenden
Anatomie der Wirbeltiere, Urban and Schwarzenberg,
Berlin-Wien, pp. 467-562,

Boas, J. E, V. 1882, Uber den Conus Arteriosus und die Arteri=-
enbogen der Amphibien. Morph. Jahrb., T7:488-572,

Boulenger, E. G. 1913. Experiments on the metamorphosis of
the Mexican axolotl. Proec. Zool. Soc., p. 403,

Briicke, E, 1852, Beitridge zur vergleichenden Anatomie und
Physiologie des GefZssystems. 1. Ueber die Mechanik des
Krelslaufes bei den Amphibien., Denkschr. d. k. Akad,
Wiss.-Math.-Wiss. Cl., Bd., 3, Wien.

Clark, E. R. and E. L. 1934, Observations on living arterio-
venous anastomoses as seen in transparent chambers intro-
duced into the rabbit's ear. Am. J. of Anat., 54:220-286,

Clemens, P. 1895. Die #usseren Kiemen der Wirbeltlere. Anat.
Hefte, 5:53-156,

Coghill, G. E. 1902, Cranial nerves of A, tigrinum. Jour,
Comp. Neur., 12:205-289,

Cyon, E. and Ludwig, C. 1866. Die Reflexe eines der sensiblen
Nerven des Herzens auf dle motorischen der Blutgefésse.
Arb, a., d. physiol. Anat. zu Leipz. 1867, pp. 128-49,

Dale, H.H. and Richards, A.N. 1918-19. The vasodilator
action of histamine and some other substances. Je.of
Physiol. 52:110-65.

Figge, F. H. J. 1930, A morphological explanatlion for the
failure of Necturus to metamorphose, Jour. Exper. Zool.
56 H 241-65 .

Figge, F. H. J. 1934, The effect of ligation of the pulmonary
arch on amphibian metamorphosis. Physiol Zodl. T:149-T7.

~102-~



Gage, S.He and S. P. 1890, Changes in the ciliated areas of
the alimentary canal of amphibia during development and
the relation to advancement to mode of respiration.
Proc., of Amer. Assoc. for Advance. of Scilence. Vol. 39.

Gilmore, R. J. and Figge, F. H. J. 1929, Morphology of the
blood vascular system of the tiger salamander, (A. tigrin-
um). X, Heart and aortic arches, Colorado College Pub-
lication, General Series No. 161, Studies Series No. 1l.

Grant, R. T. 1930, Observations on direct commuhications be-
tween arterles and veins in the rabbit's ear, . Heart,
15:281-303, -

Grant, R. T. and Bland, E. F, 1931, Observations on arterio=-
venous anastomoses in human skin and in the bird's foot
with speclial reference to the reaction to cold. Heart.

Harvey, William 1628, Exercitatio Anatomica de Motu Cordis
et Sanguinis in Animalibus. (trans, by Chauncey D. Leake)
1928, Charles C. Thomas, Springfield, Ill,

Helff’, 0. M. 1932, (abstract). Hydrogen-ion concentration of
tge4glood of anuran larvae durling involution. Anat. Rec.
54:46.

Herlngg H. E. 1924, Die Enderung der Herzschlagzahl durch
nderung des arteriellen Blutdruckes erfolgt auf refleke
torischen Wege. Pflliger's Arch. 206:721-23,

Herrick, C. J. 1894, The cranial nerves of A. punctatum,
Jour., Comp., Neur, 4:193-207.

Heymans, C. 1928, The control of heart rate consequent to
changes in the cephalic blood pressure and in the intra-
cranial pressure. Am., J. of Physiol. 85:498-506.

Jona, J. L. 1912, Cryoscopic determinations of the osmotic
pressure of the blood and body fluids of some Australlan
animals., Biochem, Jour. 6:130.

Keys, A. B. 193la., Heart-gill preparation of the eel and its
perfusion for the study of a natural membrane in situ.
Zeitschr. vergl. Physiol. 15:352-63.

Keys, A, and Bateman, J. B. 1932. Branchial responses to
‘ adrenaline and to pitressin in the eel., Blol. Bulletin,
63:32T=36,

Kingsbury, B. F. 1895, On the brain of Necturus maculatus.
Jour. Comp. Neur, 65:139-205,

~103-



Kingsley, J. 8. 191T7. Outlines of comparative anatomy of

vertebrates, P. Blakiston's Son and Company., Phila-
delphia. p. 191. PET

Krawkow, N, P. 1913, tiber die Wirkung von Giften auf die

Geflisse isollerter Fischkiemen. Pfliiger's Archiv.
151:583%-603, e

Krogh, A. 1929, (revised). The anatomy and physiology of
caplllaries, Yale University Press, New Haven.sy

Lutz, B. R. and Wyman, L. C. 1932, (abstract) Reflex cardiac
inhibitlon of branchio-vascular origin in Squalus acane

thias and Necturus maculosus. Proc. of Am., Physiol. S
101:69-70. Y oce

Lutz, B. R. and Wyman, L.C. 1932, Reflex cardiac inhibition
of branchio-vascular origin in the elasmobranch, Squalus
acanthias, Blol. Bulletin., 62:10-16,

Sabatier, A, 1873, Etudes sur le cgeur et la circulation
centgal dans la serie des vertebres. Ann. Seci, Nat. (5)
Tolo ’

Strong, 0. S. 1895, The cranial nerves of amphiblians, Jour.
Morph, 10:101-230,

Uhlenhuth, E. and Schwartzbach, S. 1928, Anterior lobe sub-
stance, the thyroid stimulator. Proc. of Soc. Exp. Bilol.
and Med, 26:149-51,

Vimtrup, Bj. 1922, Beitridge zur Anatomle der Capillaren.
I. Uber contractile Elemente in der Gefésswand der Blute
gapillaren. Zeltschr, f. Anat. u. Entwicklungsgeschichte,
5:150-82,

Weidenreich, F, 1933."Allgemeine Morphologie des Gefdsssystem".
Bolk, L., Gdppert, E., Kallius, E., and Lubosech, W., Hand-
buch der vergleichenden Anatomie der Wirbeltlere, Urben
and Schwarzenberg, Berlin-Wien, p. 418.

Wilder, H, H. 1923, The history of the human body. Henry Holt
and Company, New York. p. 510.

Woollard, H. H. 1926. The innervation of blood vessels. Heart.
13:319-36.

Zimmermann, K. W. 1923, Die feinere Bau der Bluteapillaren.
Zeitseh. fo Anato Ue EntW1Cklo 68:29-1090

Ziillich, R. 1930, Uber das Herz von Salamandra maculosa.
Morphe. ih. 65:178-228,

=104



Dorsal aorta

Lung ¢ PulmonaryArtery -Ducluj Arteriosus
pulmonary Vein

! ASixtA Ardh
a/ A=A ) \A nas‘omosis)i \&Jijyj.

iortic Arches
in hulbus

Fig 1 Diagrammatic Side View of
Heart and Aortic. Arches in A tigrinum  Larva

Lung  ‘Pulmonary Artery — f3pCtuS Arteriosus
pulmonary
ortit drch

bulbus

Fig 2 Diagrammatic Side.Yiew of Heart and
Aortic Arches in A.tAgrinuin.  ADULT

Figures 1 and 2

Diagrammatic Side Views of the
Heart and Aortic Arches
in Larval and Adult A. tigrinum

The vessels carrying blood of lowest oxygen
content are stippled. These diagrams show how,
during metamorphosis', the branchial circulation
is eliminatedl], the fifth aortic arch is reducedf,
and the anastomosis on the sixth aortic arch is
transformed into a large arterial trunk. Before
metamorphosis the lung is supplied, for the most
partf by oxygenated blood from the ductus arteri-
osus, After the anastomosis on the sixth arch is
transformed into a large arterial trunk', the lung
receives the blood of lowest oxygen content direct-
ly from the heart#

These diagrams are to emphasize the fact that
in the larva, the branchial arches carry blood
low in oxygen content; while in the adulwv, these
same arches (if they persist)', carry blood rela-
tively high in oxygen content#



Figure 3#

A Semi-diagrammatic Ventral View of
the Heart and Aortie Arches In A, tigrinwm.

On the left, the aortic arches of the larva are
shown* Arrows indicate the aortic arch or primary
circuity and the branchial or secondary circuit# The
vessels in the filaments that connect the afferent
and efferent branchial vessels are not shown#

On the rightl, the aortic arches of a recently
metamorphosed adult are shown# The former position
of the gills are indicated by broken lines# The
third branchial or fifth aortic arch is greatly
reduced# The remnants of the branchial vessels are
attached to the ventral and dorsal ends of the part
of the aortic arch that has fcrmed in the place of
the anastomosis*

This diagram is to emphasize the fact that
during metamorphosis”® the anastomotic or inter-
mediate portion of a branchial arch becomes a
large arterial trunk¥*



'Figure 4*
The Anastomosis on the
Third Aortic Arch

Figure 5%*
The Anastomosis on the
Fourth Aortic Arch

Figure 7#
The Anastomosis on the
Sixth Aortic Arch

Figure 6.
The Anastomosis on the
Fifth Aortic Arch

- Afferent Branchial Artery

- Branchial Arch

- Dorsal Portion of the Aortic Arch
Efferent Branchial Artery

- Gill Filaments

- Intermediate Anastomotic Vessel

- Depressor Branchii Muscle

- Ventral Portion of the Aortic Arch
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Figure 8*

A Photograph of a Cross-section

ZRrmEOP

of a Larval Gill*

Afferent Branchial Vessel
Depressor Branchii Muscle
Efferent Branchial Vessel
Lymphatic Branchial Vessel
Melanophores

Nerve, (Branchial Branch
of Vagus)



Figure 9.

A Photograph of a Cross-section
through Several Gill Filaments#

2P

Arteriole at Margin of Filament
Capillary with Blood Cells
Lymphatic

Melanophore



Figure 10.
A Photograph of the Blood Vessels
of a Gill Filament. x8.

Figure 11.
Same as above. x35#

A - Afferent Limb of the Arteriole Loop
0 - Capillary Bed
E - Efferent Limb of the Arteriole Loop



Figure 12.

A Photograph Showing Nerve Fibers in a
Gill Filament. (Remak Fibers.)

A branching of the nerve fiber and two of the
elongated spindle-shaped nuclei are shown. The
capillaries are seen in outline.



Figure 13*

A Diagram of a Dissection of the Vagus and
Glossopharyngeal Nerves in Af tigrinum*

Only the main trunks and the branches to the gills
are shown* The four main trunks originating from the
ganglion from cephalad to caudad are: the truncus glosso-
pharyngeus, first and second branchial vagus trunks, and
the truncus intestinalis¥*

A - - --Acoustic Nerve

CR «& - - Cardiac Rami

F - - — - Facial Nerve

RBG -- - Ramus Branchial!s Glossopharyngeus

RBV  -- - Ramus Branchialis Vagus

RC »- — Ramus Communieans to F

RL -- - Ramus Lateralis

HP *** «* Ramus Post-Trematieus Vagus

RPG Ramus Post-Trematicus Glossopharyngeus
RV - - - Recurrent Vagus

R to 6A - Ramus to Sixth Aorticand Visceral Arch
T - - --Trigeminal

1st TBV -First Truncus Branchialis Vagus
2nd TBV - Second Truncus Branchialis Vagus
TG - - - Truncus Glossopharyngeus

TI - - - Truncus Intestinalis
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Figure 14

A Photograph of the Skin
Vessels in the Operculum.



Figure 15%*
A Photograph of a Metamorphosing Gill*

The melanophores are still well scattered
and are arranged in rows* These rows of melano-
phores indicate the position of a filament* Be-
tween some of the rows of melanophores, two rows
of fused epithelial cells are seen* At the mar-
gin of the melanophore afcea, one can see these
epithelial cells taking a part in the formation
of the capsule¥*
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Figure 16%*
A Photograph of a Metamorphosing Gill*

The melanophores at the tip of the gill stub
are no longer arranged in rows, but form a con-
glomerate mass. Near the proximal end of the gill
stubE the melanophores are still arranged in rows
that are separated by rows of epithelial cells to
form the capsule. No mitotic figures are seen dur-
ing the formation of this capsule. The cells seem

to become more and more flat as they approach
the surface#



Figure 17%

A Photograph of a Metamorphosing .Gill
in the Gill-Nodule Stage*

This shows the late stage of gill reduction*
The melanophores are arranged in a conglomerate
massseparated by very few, if any, epithelial
cells * The pigment mass for each gill is surround-
ed by a thick capsule* The continuity of the cap-
sule and the skin is indicated by an arrow. The

outer layers of skin and capsule cells show
signs of desquamation.
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Figure 18.

A Diagram of the Blood Vessels
of a Branchial Arch.

- Ventral Portion of the Aortic Arch
- Anastomotic Arterioles

- Intermediate Anastomotic Vessel

- Dorsal Portion of Aortic Arch

- Afferent Branchial Artery

- Afferent Limb of the Arteriole Loop
- Efferent Limb of the Arteriole Loop
- Efferent Branchial Artery

- Capillary Bed of the Filament



Figure 109.
A Diagram of the Perfusion Apparatus.

B - Burette
BC - Bubble Catcher (T-tube)
Ca - Cannula (with isolated gill

attached)
Cl - Clamp
GT - Glass Tube (8 mm.)
0 - Outflow Vessel

RT - Rubber Tubing
TT - Test Tube (open at both ends)



Figure 20.
A Diagram of the Cannulated Gill Arch

Figure 21
A Diagram,of the Cannulated Gill
(Without Anastomosis)

Figure 22%*
A Diagram of the Cannulated Gill Arch Anastomosis

A - Afferent Branchial Artery

An - Anastomosis

C - Cannula

E - Efferent Branchial Artery

0 - Outflow Vessel

VA - Ventral Portion of Aortic Arch



Figure 23.

A Photograph of the Third G-111 Arches
from the Same Animal.

The gill filaments have been reduced on
the gill arch in which the ventral portion
of the aortic arch was ligated at the point
indicated by the arrow.



Figure 24.

The Perfusion Rate in a Whole Gill Arch
Gill 1b Second Gill Arch

Perfusion with perfusion fluid alone*— —
Perfusion with perfusion fluid plus
adrenalinf, 1:100'*000 #— o— »— 5

Arrows indicate the beginning and termination
of periods during which the preparation was
perfused with perfusion fluid plus adrenalin.

This graph shows that when the anastomotic
vessel was ligatedr adding adrenalin to the
perfusion fluid increased the rate of perfusion#
When the ligature on the anastomosis was re-
leased at Cry and the whole gill arch was per-
fused, adding adrenalin to the perfusion fluid
had no effect on the rate of perfusion#

A - The perfusion pressure was changed from

300 mm# to 200 mm# water#

B - The anastomotic vessel was ligated# (See
Figs. 20 and 21)

C - The ligature on anastomotic vessel was

released#
D - Ligature on anastomotic vessel was

tightened and tied#



Figures 25 and 261i

The Quantitative Effect of Adrenalin
on the Perfusion Rate in Isolated Gills
(See Fig. 21)

10 b and 13 b - Right Third Gills
11 b and 12 - Right Second Gills

Perfusion with perfusion fluid alone ¢ *
Perfusion with perfusion fluid plus
adrenalinl, 1:1,000,000 «—— 00— o— o

Arrows indicate the beginning and termination
of periods during which the preparations were
perfused with perfusion fluid plus adrenalin.

These graphs show, quantitativelyl tbat the
addition of adrenalin to the perfusion fluid
during the perfusion of isolated external gills
causes the perfusion rate to increase.



Figure 27.

The Perfusion Rate in an Isolated
Left Second Gill*

Perfusion with perfusion fluid alone — * »
Perfusion with perfusion fluid plus
adrenalin*, 1:500*%,000 & $— ®

Perfusion pressure constant - 250 mm* water

The gill was perfused for five hours with
perfusion fluid alone* At the arrow*, the

per fusion with perfusion fluid plus adren-
alin was started* This graph shows that per-
fusion fluid alone gradually constricted the
vessels of the isolated gill; but even after
five hours of perfusion with perfusion fluid
alonel] perfusion with pa“fusion fluid plus
adrenalin caused a great increase in the
rate of perfusion*



Figure 28.

The Perfusion Rate in an Isolated
Left Second Gill¥*

The gill was perfused for four hours with
perfusion fluid plus adrenalin, 1:50G,000.
At the end of this period (* ); the gill
was perfused with perfusion fluid alone
for over an hour. Perfusion fluid alone
caused the rate of perfusion to decrease.
About an hour later, the gill was again
perfused with perfusion fluid plus adren-
alin (”~ )¢ This greatly Increased the rate
of perfusion.



So -ug
w

-30

-Figure 29.
Below - 10 a (1lst Gill Arch)

The Effect of Adrenalin on
the Perfusion Rate in an isolated
Gill Arch Anastomosis.
(See Fig. 22)

Above - 2£ b (lst Gill Arch)

The Effect of Adrenalin on
the Perfusion Rate in an Isolated
Gill. (See Fig. 21)

Both of these preparations were taken from the
same gill arch. Arrows indicate the beginning and the
termination of periods during which the preparations
were perfusdd with: Perfusion flhid alone & *--e
Perfusion fluid plus adrenalin] 1:50,000 & #— *

The isolated anastomosis was perfused at first
with perfusion flhid alone while the isolated gill was
perfused with perfusion flhid plus adrenalin. Then the
tubes were exchanged on the cannulae. The anastomosis
was now perfused with perfusion flhid plus adrenalin,
which constricted the anastomotic vessels, as evidenced
by the decrease in the rate of perfusion. Meanw$ri.lef the
gill was perfused with perfusion fluid alone, This (as
has already been demonstrated) caused a decrease in the
perfusion rate of the gill.

The two perfusion tubes were again exchanged
on the camulae. The gill was now perfused with adrena-
lin, while the anastomosis was perfused with perfusion
fluid alone. The rate of perfusion increased in both
preparations* Then the same procedure was repeated with
similar restilts.

It Is evident from this, that adrenalin con-
stricts the anastomotic vessels at the base of the gill’,
while it dilates the vessels in the external gill taken
from the same gill arch;



Figure 30%*
Above - 1b (2nd Gill)

TJie Effect of Pitressin on
The Perfusion Rate in an Isolated
Gill# (See Fig* 21)

Below - 1 a (5th arch)

The Effect of Pitressin on
the Perfusion Rate in an Isolated
Gill Arch Anastomosis*
(See Fig* 22)

Arrows indicate the beginning and the termination
of periods during which the preparations were perfused
withsBerfusion fluid alone *e *— e o
Perfusion fluid plus pitressin (100 pressor units per

liter) $ 4] 0

Perfusion with perfusion fluid plus pitressin caused
a decrease in the rate of perfusion in both preparations*
The perfusion rate in the case of gill 1 b Is quite 1low,
because both pitressin and perfusion fluid have a ten-
dency to constrict the gill vessels completely*



