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INTRODUCT ION

The broad aim underlying the investigation reported in this thesis con-
cerns the description of some aspects of the phylogenetic development of car-
diovascular control. This is accomplished by comparing cardiovascular respon-
ses to specific procedures in representative specles of reptiles, birds, and
mammals. To better understand the basis of this investigation, it is meces-
sary to outline the course of evolution of the reptiles.

We have sufficient knowledge to be able to trace the early stages of
reptilian evolution with considerable certainty. The most amphibian-like
forms are placed in the order Cotylosauria, the ‘stem reptiles', known mainly
from the Permian, though certainly existing eready in the Pennsylvanian,
Seymouria, found in the lower Permian, perhaps two hundred twenty million
years ago, is the classic example of these animals., It was a lizard-like
creature, about two feet long, living on insects and perhaps some larger ani-
mals. Its characteristics are so exactly intermediate between those of am-
phibians and reptiles that it is not possible to place it definitely with
either group and many zoologists class it with amphibia. There is no doubt
that these animals were very close to the earliest amphibia and therefore not
far removed from the fish ancestors from which the whole group of tetrapods
had arisen fifty million years earlier, at the end of the Devonian period.
Yet Seymouria and its allies show distinct tendencies toward adaptation for
land life, and from them there soon arose a great number of different types,
which came to dominate not only the land but also the sea and air throughout

the subsequent Mesozolc period.




A brief outline of the eveolution of reptiles, birds and mammals
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After the Cotylosauria, the reptile tree branched into three main stems
(see Fig. 1), The first, the Anapsida branch, gave rise to the Chelonia dur-
ing the Triassic age and these have existed as turtles to the present. En-
cased in an armored shell the tortoises and turtles have retained some of the
features of the earliest anapsid reptiles. Because the present turtles have
so many anatomical features similar to those found in fossil remains dated
two hundred million years ago, they represent a group of animals from which
the function of the primitive cardiovascular system may be learned. Because
of this turtles were used in this study.

A second branch, the biapsida, split during the Permian to give rise
to the Squamata, forerunner of the snakes and lizards, and the Pseudosuchia.
The Pseudosuchia gave rise to a vast number of forms which became extinct by
the end of the Cretaceous. Also from the Pueudosuchia arose the Crocodilia
which exist today as the crocodiles and alligators. These animals date back
to the end of the Triassic about one hundred sixty million years. From the
same root the Ornithischia, ancester of the birds, arose, Two accidental
finds have shown us an intermediate stage in the evolution of birds from rep-
tiles., These are called the Archaeopteryx. The Solenhofen state in Germany
is a fine~grained solidified clay, originally laid down in shallow fresh wa-
ter in Jurassic times., About one hundred fifty million years ago, two Archae-
opteryz, about the size of large crows, fell into mud and their bones and
feathers were preserved in the clay. In 1861, one was discovered by workmen
quarrying the slate; another was found in 1872, These toothed half~-reptilian
birds must be very close to the ancestors of the modern birds. Because none
of the intermediate forms exist today, the alligator, a present day Crocodilia

was used to present a primitive branch of the Pseudosuchia., For a more
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modern branch, the chicken was used,

The third branch the Synapsida gave rise to the mammals. During the
early Jurassic the Prototheris branched from the main stem., These exist to-
day as the Montotremata of which there are only a few forms still extant.
These are the egglaying mammals, the duck billed platypus and the spiny ant-
eater, They exist only in the isolated geographical pocket, Australia. The
next major b:aﬁch was the Metatheria which arose during the middle of the
Jurasaié. This branch gave rise tokthn Marsupials,

Tba pnu#had mammals, Marsupials, though essentially very similar to
placentals, #re primitive in many ¢haractetistics and theifdivetged from an
early stage of the main mammalian atock, with the insectivora they show us
what mammals were like in the late Cretaceous period. Today thay are found
mainly‘in Anitralasian region, with a few representatives in North and South
America, hut in Eocene times they uceurred in Europe and they have presumably
become extlnct by tha compatition which has been imposed by the placentals.

The opossnms were the eatliast sroup toiappear and the other families
have probably evolved frem them, Thay are arboreal, mﬂiniy 1nsect1vorous
animnls. with a prehinsila tail, 1ndigenaua to the southatn Ubited States.
Similar forms are found back to the Uppcr Cretaceous, ebont aeventy million
years ago. and the American opossumn are certainly the clasest ltving mar-
supials to tha ancestors of the graup. Perhaps they are tha least modified
of all therian mammals, Tharafate because of this and their availsbility.
opossuma were used in this study. ‘ |

Sevaral different lines of avidance converge to show that all the

Eutherians (placentals), have been derived from small 1nsectivarous animals
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living in the Cretaceous period, about one hundred million years ago. From
these forms arose all of the modern placental mammals (1, 2).

Our knowledge of the phylogenetic development of the control of the :
cardiovascular system is fragmentary., A fair amount of work has been done in
fish and amphibians as well as birds and mammals. The cardiovascular system
in reptiles covers an important stage in the physiologic phylogeny of cir-
culation beecause the reptiles are the link between fish and amphibians on
the one hand, and birds and mammals on the other.

When comparing the cardiovascular responses in reptiles with those
found in birds and mammals it is necessary to know what type of responses
have been found in lower forums in order to see if there is any evolutionary
trend present.,

Fishes

No determinations of the cardiac ocutput of fishes by direct methods,
for example by application of the Fick prineiple, appear to exist, Hart (3)
compared the volumes of blood in the ventricles isolated by ligatures in gys-
tole or in diastole and computed cardiac cutputs of 2.24-5.5 gms/500 gms
body weight per minute. Other workers used the same and other indirect
methods and obtained results of similar magnitude, The mean blood pressure
proximal to the gills in electric eels is 16-18 mm, Hg. However other
workers quote higher values ranging up to 40 mm. Hg. (4,5,6,7). It was ob-
served that the larger the fish the higher the blood pressure.

Section of the cardiac branches of the vagi in fishes causes an in-
crease in heart rate and there is abundant evidence that stimulation of the

peripheral end of the cardiac vagus has an inhibitory effect on heart rate,




0.
which is abolished by atropine. Jullien and Ripplinger (8) reported that the
perfusate collected from the eserinized hearts of fishes during vagal stimu-
lation acted on a leech muscle in the same fashion as acetylcholine. This
result is consistent with the conception of the vagus as a cholinergic nerve.

Though it is generally accepted that fishes possess a sympathetic nerv-
ous system, there is no good evidence for any effect of the sympathetic nerv-
ou: system on the heart and cireculation. There are however a few observations
which make it unwise to completely dismiss the possibility that the sympa-
thetic nervous system plays a role in the control of the fish cardiovascular
system. The heart rate of Scyliordinous caqfcula increases when the ductus
veno.us is stimulated. Blood pressure 1is hiéher in intact fish than in pitued
fish, The circulatory system responds to epinephrine and nor-epinephrine,
but the production of these substances could be elsewhere than at nerve end-
iogs (9).

Small doses of epineprine (4-10 micrograms) cause prolonged rises of
blood pressure in elasmobranchs (4) and in the eel (9). The prolonged pressor
effect of ppinephrine suggest that the enzyme systems for the inactivation of
catechol amines, if present, have a low rate of activity. Amine oxidases are
present in fish as in all animals with chromaphil tissue (10).

Amphibians,

The mean arterial pressure in the frog is 30 mm., Hg. (11). Regulation
of blood pressure in the amphibians contrast sharply with the regulation in
the fish. Stimulation of the spinal nerves in the frog causes vaso-constric-
tion of limb blood vessels and visceral vessels (12). It was established by

experiments on the frog that acetyicholine is the substance released from the
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vagus nerve (13). Gaskell (14) has shown that the frog and reptile hearts are
ionervated by both parasympathetic and sympathetic nervous systems.

Reptiles,

Recently attention has been focused on the circulation and hemodynamics
of the reptilian heart. Considerable work has been directed toward the de-
scriptive anatomy of the reptilian heart; however, very little work has been
dorie to substantiate the functional interpretations that have ariseu from the
study of the structure. White (15) studied the blood oxygen levels in aorta,
atrium and pulmonary artery and showed a relatively complete separation of

derated and non-aerated blood in the heart of Caiman sclerops. Steggerda and

Essex (16) recorded simultaneously the cardi;c and arterial pressures of thc
turtle and studied the oxygen levels on both sides of the circulatory system.
Johansen (17, 18) studied the circulatory dynamics of the three chambered
snake heart. An area in the medulla of the turtle has been postulated to re-
present an area for central control of blood pressure (19).
Bixds.

Val.es for normal arterial blood pressure of birds range from 100 to
200 wm, Hg. However, the determinations have been made on relatively few
birds and considerable variation exists awong the same specles. The pressure
in the male is significantly higher than that in the female (20,21), and
pressure tends to increase with age after uaturity, particularly in the female
Rodbard and co-workers believe that there is a direct central control of blood
pressure in the chicken. There is some evidence which suggests that it is in
the thalamus, according to Dijk (22), who showed that stimulation of this area

produces changes in blood pressure. The effects of catechol amines on the
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chicken have received little attention, According to the meager data availa-
ble, the effects appear to be the same as in the mammal (23, 23A).

The role of the sympathetic and parasympathetic innervation of the
heart, the role of humoral agents (epinephrine, and nor-epinephrine) have not

been adequately compared in the various forms.




MATERIALS AND METHODS
1. Animals and Anesthesia

The animals used in this study were chnsen on two bases: their posi-
tion on the phylogenetic tree, and their availability to this laboratory.
The turtles used were obtained from Wisconsin and were of three varieties;

Graptemys geographica, Emys blandingi, and Chrysemys pictabelli. Altogether

36 turtles were used in this study. They measured between 7 to 8 inches in
shell width and weighed between 600 and 900 grams., Twenty-four alligators,

Alligator mississipplensis, were obtained from Louisiana for this study. All

of these animals were between 2 and 3 feet in length and their weights ranged
from 500 to 700 grams. ?

Eleven opossums, Didelphis virginianus, were obtained from the Caro-
linas and were all young adult males weighing between 1.5 and 3 kg. The
chickens were obtained from poultry markets and were caponized. There were
twelve chickens of mixed variety; White Leg, White Rock, and Plymouth Rock,
weighing on an average one and & half kilograms. The reptiles, turtles,zand
alligators were anesthetized with chloral hydrate. Urethane, nembutal and
chloralose were tried with very poor results. In the turtles the optimal dosé
of chloral hydrate which kept the animal lightly anesthetized was 1 millogram
per gram of body weight. It was administered intraperitoneally by inserting
a long twenty-two gauge needle through the skin fold of the hind leg close to
the plastron and up into the abdominal cavity. It usually took one hour from
the time of injection until the animal was anesthetized, The signs of anes-

thesia used were the lack of corneal reflex and complete flaccidity of the

neck and leg muscles. In the alligator the optimal dose of chloral hydrate
9i
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which kept the animal lightly anesthetized was one milligram per gram of body

welght. It was administered intraperitoneally with a short twenty-six gauge
needle inserted between the scaly plaques of the animals abdomen. The signs
of anesthesia used were the lack of coruneal reflex and the lack of leg with-
drawal upon toe pinching. In the chickens and opossums the anesthetic used
wascy<-chloralose disolved in carbowax. It was administered into a conveni-
ent vein., In both species the dose found effective for light anesthesia was
one hundred milligrams per kilogram of bod; weight (29,30). The sgigns of
anesthesia used in these animals were the lack of corneal reflex and lack of
deep pdlm response. Chloral hydrate is a chlorinated derivative of ethyl al~
cohol. The chlurine acts as an oxidizing aggnt on tri-chloral acidaldehyde

(C~Gl3-CHﬂ). Hydration of chloral yields c¢hloral hydrate (C-Cl 'CHDH?) a

3
crystalline substance (13). Alpha-chloralose is a condensation product of
chloral and one of the glycosides. It was found that chloralose works better
in smaller doses in the warm blooded animals than chloral hydrate. This is
because the solvent is a very viscous substance requiring a large surface
vein for proper injection. Inasmuch as in alligators and turtles the surface

veins of large enough size for cannulation by a needle are difficult to find;

chloral hydrate was used instead of chloralose,

2. Recording Techniques

Records of the pressure pulse, blood pressure, and heart rate from a
convenient artery in all the animals were obtained by a means of a Statham
P23A transducer coupled to a 5P1 Grass preamplifier which was coupled to a
Grass model 5A driver amplifier. This in turn was coupled to the Grass Di-

rect writing oscillograph. The P23A pressure transducer has a nominal
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pressure range of zero to seventy five centimeters of mercury and an appro-
ximate natural frequency of thirty nine cycles per second at ninteen hundreths
critical damping with a twenty gauge needle that was five centimeters in
length, The 5P1 preamplifier is a chopper modulated and demodulated high
gain, low noise, low frequency, DC preamplifier which has a frequency re-
sponse flat to forty cycles per second., Drift is less than 3 microvolts per
hour, and is random. The input is designed to drive balance controls and
excite the strain gauge transducer for pressure. The model 5A driver ampli-
fier is a push pull, two stage direct coupled amplifier with a differential
fnput. Its primary function is to amplify signals from the polygraph pre-
amplifier sufficiently to drive the direct writing oscillograph., It also
supplies voltages to operate the associated preamplifier. The maximum sen-
sitivity of the driver amplifier combined with the pen writer oscillograph
is greater than one hundred millivolts per centimeter. The entire system
has a frequency response of forty cycles per second.

The general principle of transducer operation is as follows: the
pressure in arterial blood is transmitted through a closed fluid system to
the transducer. Any alteration in pressure in the fluid is transmitted di-
rectly to the diaphragm of the transducer. The transducer is a strain gauge
type in which a strain wire resistor (two limbs of a Wheatstone bridge) is
attached to the center of the dlaphragm. Any alteration in the diaphragm
changes the length of the strain wire resistor and changes its resistance,
thus unbalances the bridge and alters the output voltages of the transducer.
The output voltage is then suitably amplified to drive the pens of the os~

cillograph.
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An integrating cardiotachometer (24) was added to the system at this
point. The input of the tachometer was taken from the driver amplifier out-
put of the channel recording blood pressure. The active triggering signal
was the pressure pulse. The output of the tachometer was connécted to another
channel of thn polygraph, |

The recording techniques used in this study are capable of faithfully
reproducing events occuring in the pulse pressure curve to the tenth harmo-
nic 1if the frequéncy of the heart doesn't exceed four beats per second.

This is perfectly adequate for pulse pressure study in the turtle, alligator
and opossum. However this system cannot be used to study the shape of pulse

pressure curves in the chicken.

3. Stimulation Techniques

Controlled alterations of the cardiovascular system in these animals
were obtained in two ways. First electiiical stimulations of the vagus nerve
or the sympathetic chain were obtained utilizing a Porter electrode coupled
to a Grass 85 square wave stimulator with controlled, oscilloscope monitored,
frequeney, duration and voltage. The second method of bringing about changes
in the cardiovascular system was to inject L?aepinephrine and lguorepine-
phrine.

Epinephrine may be viewed as composed of two major components. The
aromatic portion of the molecule consists of 1,2-dihydroxybenzene (catechol);
the aliphatic portion consists of ethanolamine, Beta~-phepylethylamine may
be considered as the parent compuwund, To form epinephrinme, substitutious

are made on the benzene ring (3,4-dihydroxy), the beta carbon (OH), and the
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amino group (CH3); only the alpha carbon remains without further substitution,

HO

HO &wm /> GHCH,NHCH,

b

Norepinephrine, 1-2 amino 1-(3,4-dehydroxyphenyl) ethanol, differs from epi-

nephrine merely by the absence of methyl substitution in the amino group (13).

HO

HO < ) SHOH,NEy
N

4. Procedure
Turtles

After the turtles were anesthetizad with chloral hydrate, the cepha-
lad third of the plastron was removed by sawing through the plastron between
the first and second row of kbony plaques., In removing the plastron, care
was taken to strip the foreleg muscle attachments from the plastron. The
brachial artery was cannulated with & PE 100 polyethylene catheter for blood
pressure recording. A longitudinal incision was made in the skin of the neck
and the vagus nerve and sympathetic nerves were exposed. The right and left
vagl were stimulated separately with varying voltages, durations and frequen-
c¢ies. The right and left sympathetic trunks were stimulated in the neck

and on the first four ganglia in the thorax with and without the vagus nerves
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intact. After the vagus nerves were cut, they were stimulated centrally and
also peripherally before and after the administration of Atropine (ten gamma
per kilogram of body weight). 1In some turtles epimephrine and norepinephrine
were administered intravenously and intra-arterially. In 4 turtles the brain
was stimulated electrically by passing a concentric bipolar needle electrode
through the foremen magnum up into the center of the brain. The parameters
of stimulation were as follows. The voltages ranged from eight to thirty
volts, The duration was two milliseconds and the frequency ranged from one
to one hundred and fifty per second. The brain was examined histologically
to ascertain the point of stimulation. €irculation time was estimated by
injecting india ink into one of the mesenteric veins and timing the appear-
ance in the celiac artery.

Alligators

When anesthesia had been induced by chloral hydrate in the alligators,
a longitudinal incision was made in the ventral aspect of the neck, and the
carotid artery exposed and cannulated with a PE 100 polyethylene catheter

for blood pressure recording. The vagus nerve was exposed for stimulation.:
However, stimulation procedures involving the vagus usually brought about
death of the animal within five minuteg. Therefore this procedure was
abandoned and atropine administered in place of vagisection., The sympathetic
trunks were exposed by a dorsal approach to the thorax. Epinephrine and

norepinephrine were injected intravenously and intra-arterially.
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In 5 alligators small holes were drilled through the skull so that a
concentric bipolar needle electrode could be introduced. Various areas in
the brain were stimulated 2nd the brains were kept for histological workup
after the experiment was terminated. The spinal cord at the T-12 level was
stimulated in one animal. Circulation time was estimated in the alligator
in the same manner as in the turtle.

Opossums

Ether was used as a preanesthetic and while the opossum was unconsious
a cutdown was performed on one of the hind ;ggs and a vein was exposed for
the injection of the chloralose. The carotia srteries and vagus nerves were
exposed and one carotid artery was cannulated with a PE190 polyethylene
catheter; for blood pressure recording. The trachea was cannulated to
allow a clear airway. In some animals the vagus was stimulated, sectioned
and the cut ends stimulated. In others the chest was opened and the sympa-
thetic trunks on both sides were stimulated electrically. 1In some animals
epinephrine and norepinephrine were administered intravenously. After the

animal was sacrificed the hearts were examined for lesions,

Chickens
% After the chickens were anesthetized with chloralose and in some

cases nembutal, the brachial artery in the wing was cannulated with a PE60
polyethylene catheter for blood pressure recording and the brachial vein was

cannulated for intravenous administration of epinephrine and norepinephrine.
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5. Analysis of Data

In the normal situation the dynamic equilibrium of the arterial system
is such that the stroke volume of the heart equals the outflow from the ar-
teries into the capillaries. If however this equilibrium is altered in any
way, such as changes in heart rate, changes in stroke volume, or changes in
peripheral resistance, the stroke volume iz disproportionate to the peripheral
outflow until 2 new state of dynamic equilibrium exists.

Wiggers (25) studied this problem in an artificial circulation model
in which each of the factors could be regulated separately. Such studies
showed that an increase in heart rate causad‘a greater rise in diastolic
pressure than in systolic pressure, thus rad;cing pulse pressure. Increase
in peripheral resistance elevates diastolic pressure more than systolic
pressure until diastolic distensibility begins to diminish drastically;
then systolic pressure rises progressively faster than diastolic until the
pulse pressure exceeds normal, Incéease in stroke volume ralses systolic
pressure more than diastolic, thereby increasing the pulse pressure above
normal.

Keeping in mind that in the intact animal the situation is much more
complex and the majority of cardiovaseular changes obtained are mixed re-
sponses, the dynamics of the artificial circulation model are applicable.

In this study, the pressure pulse curves from the polygraph were
analysed in the following manner. An increase in pulse pressure obtained
primarily by a rise in systolic pressure was interpreted as an increase in

the force of myocardial contraction, a rise in blood pressure with a con-
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comitant rise in diastolic pressure with little or no change in pulse pras-
sure was interpreted as a vasoconstrictor response in the absence of large
increases in heart rate.

Changes in heart rate were determined by direet inspection of the
polygraph recoxd of the integrating cardiotachometer,

The changes in cardiovascular function described above have been
supported in general by the investigations of Cotten (26), Randall (27),
and Rushmer (28).




EXPER IMENTAL RESULTIS
I. Turtle

In all the turtles the control systolic pressure was between 9 and 20
millimeters of mercury (mm. Hg.). The control diastolic pressure was between
4 and 18 mm. Hg., and the control heart rate was in the range of 14 to 35
beats per minute. These values are similar to those obtained by other workers
(39).

The circulation time from the mesenteric vein to the celiac artery,
measured in two animals, was 20 seconds. Th}s is sbout the game as the cir-
culation time for equal anatomical distances in mammals and birds (39). But
it is much shorter than that measured in the eel for a comparable distance
9.

A, Vagal Stimulation,

In the first series of 6 animals the vagi were dissected free of sur-
rounding tissue in the neck and stimulated with Porter electrodes, using
various parameters of stimulation. The voltage was varied between 0.5 and
10 volts at each step of duration and frequency. The duration was varied
between 0.1 and 5 milliseconds (msec.,) by the following steps: 0.1, 0.2,
0.8, 1, 2, 5 and 10 msec. The following steps in frequency were used, 1, 2,
4, 5, 10, 20, 50, 70, 100 and 200 cycles per second (c§s).

The minimum frequency of stimulation necessary to elicit a signif-
icant cardiac response from either vagus nerve at any voltage and duration
was 4 cps. When the frequency of stimulation was increased, the percentage

18.
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Figure 2
Effect of stimulation frequency on cardiac slowing induced by stim-

ulation of the right vagus nerve in the turtle. Voltage=3.0 v; pulse dur-

ation=5 msec,
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of slowing increased until complete cardiac arrest occurred. Figure 2 illus-
trates this point. When the right vagus was stimulated with 3 volts at §
msec., there was a gradual decrease in the heart rate as the frequency of
stimulation was increased. At 50 cps and above, complete cardiac arrest
occurred, The least voltage required to slow the heart was found to be 2
volts if the duration exceeded 0.2 msec. in the right vagus. In the left
vagus the frequency and duration characteristics were found to be the same
as in the right vagus. However the intensity of stimulus required to affect
the heart was found to be approximately 1.5 volts. The intensity of stim-
ulation necessary to cause cardiac effects ih these animals is of the same
magnitude as that reported as rhecbase for auricular effects by Fredericq
and Garrey (40).

When stimulating a nerve such as the vagus and observing the effect
on the contraction of a muscle, there are a number of factors to comsider.
In irritable tissue, the excitation process develops faster the stronger the
intensity of the stimulus. Hence there is interaction between the voltage
and duration, When an effector such as cardiac muscle is interposed between
the stimulus and the observed effect, then the frequency of stimulus becomes
a factor. Further, when stimulating a multi-fibered nerve such as the vagus
the ;ontact of the electrode on the surface alters the voltage requiked tp
obtain an effect. However, certain general relations between the parameters
of stimulation and the resultant cardiac effects can be stated; 1) increases

in voltage within physiological limits cause decreases in heart rate until
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cardiac arrest occurs, 2) slowing of the heart rate can be obtained by in-
creasing the duration of the stimulus at constant voltage and frequency and
3) heart rate is progressively slowed with increasing frequency of stimu-
lation.
B. Sympathetic Stimulation

In a second series of 6 animals the right and left sympathetic trunks,
including the last three cervical and first four thoracic ganglia were stim-
ulated. The parameters of stimulation were the same as those used in the
survey of the vagi. Stimulation of the right sympathetic trunk at all par-
ameters elicited no change in blood pressure, However there was a slight
increase in rate (6%) in 3 animals when the frequency of stimulation ex-
ceeded 50 cps. This response appeared to be frequency dependent because it
could not be obtained with higher voltages at frequencies below 50 cps.

Only one animal with left sympathetic trunk stimulation responded
with a change in blood pressure and heart rate., In this animal the blood
pressure and heart rate decreased when the left cervical sympathetic trunk
was stimulated, The parameters of stimulation were 3.5 volts, 4 msec.
and 2 ¢ps. This response was repeatad three times before the electrode was
moved. After moving the electrode it could not be obtained. It is felt
that this response was due to a leakage of current into the vagal fibers.
In the area in which the electrode was placed there was a close proximity
of vagal and sympathetic fibers with some intermixture of the two systems.,
This animal was not atropinized, but the vagus nerve had been severed

higher up in the neck. In other animals which were atropinized, stimulation




FPigure 3

Sagittal section of a turtle btain,

C-cerebrun
M-medulla
0C-optic chiasma
CB-cerebellum
OL-optiec lobe
H-hypothalamus

Scale above drawing is in 0.5 cm.
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in this area produced no change in blood pressure or heart rate. Except for
this one instance no effect could be elicited by stimulation of the left sym-
pathetic trunk,
C. Stimulation of the Central Nervous System

In a series of 4 turtles an electrode was ingerted into the brain by
way of the foramen magnum., The shaded area in figure (3) indicates the areas
stimulated in these animals. With the vagi intact in these animals, stim-
ulation at 7-10 volts, 2 msec, and 60 cps. caused a great decrease in heart
rate and a slight depression of blood pressure. Section of the vagi abol-
ished this effect. K

If the stimulus intensity 1s increased to 20 volts in the vagotomized
animal, pressor responses are elicited. The responses are summarized in the

following table:

Table 1
Stimulation Parameters Pressure Response
After lmg. C10
Animal Volts msec. cps. Control Experimental Control Experimenta]

12 20 2 60 28/18 45/33 27/15 29/16
13 26 2 60 32/13 35/22 26/15 27/15
14 30 2 60 35/18 40/22 37/21 37/21
15 40 2 60 31/16 40/27 31/13 _30/13

Pressures in the above table are expressed as asystolic/diastolic in mm, Hg.
The heart rate decreased slightly in animals 13 and 14 and remained the same
in the others. In all cases the systolic and diastolic pressures were in-

creased by the central stimulation. But generally the pulse pressure did
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not change. It should be noted that the responses produced by central stim-
ulation were characterized by a rapid onset (less than 3 sec.) after the
stimulus was applied and a sudden decay as soon as the stimulus was discon-
tinued. Concomitant with the blood pressure effects there were also gross
sustained contractions of body muscles. These responses could be abolished
by the administration of 1 mg./kg. of Decamethonium (Cl0) intravenously.

It thus appears that cardiovascular responses to stimulation of the central
nervous system in the turtle are indirect, and result from hemodynamic
changes in the turtle assoclated with skeletal muscle contraction.

D. Cardiovascular Changes Induced by the Addinistration of Epinephrine and
Norepinephrine.

Typical cardiovascular responses to epinephrine and norepinephrine in
one turtle are shown in figure 4. In this experiment there was a greater
change in diastolic pressure induced by epinephrine than by norepinephrine,
However, there is considerable variability in this response. The collective
data are shown in Tables 2 and 3. Both agents increase diastolic pressure
significantly. Epinephrine causes a slightly greater increase in pulse pres-
sure sure than epinephrine, However both agents significantly increase pulse
pressure., The heart rate changes induced by the two agents are relatively
small, The rate of change induced by norepinephrine is statistically not
significant. If we roughly equate increased diastolic pressure with in-
creased peripheral vasoconstriction; then epinephrine is the more effective
vasoconstrictor substance in the turtle. If we equate increased pulse pres-
sure with increased myocardial contraction; then both drugs seem to be act-

ing equally. It should be noted that the total duration of blood pressure
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response to both drugs was of the magnitude of 500 seconds for all of the
animals regardless of the dose level, Furthermore no correlation could be
obtained between the size of the dose and the response elicited., However
there does appear to be a tendency for the smallest doses of epinephrine to
be more effective than equal doses of norepinephrine, The lack of any re-
sponse from sympathetic stimulation seem to indicate that these catechol
amines may not play any great role in normal cardiovascular control as di-
rect neuroeffector transmitters. The long response time appears to indicate
either absence of or very low activity of amine oxidases. This animal may

be quite like the fish (3) in this respect. °
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Figure 4
Comparison of the epinephrine and norepinephrine response in the
turtle. The amount of epinephrine administered was 0.5 gamma per kilogram.

The amount of norepinephrine administered was 3 gamma per kilogram.




Cardiovascular Changes in the Turtle
Induced by Epinephrine

Iable 2

Am———

Animal Lose Coutrol Experimental
T kg s D P R S D P HR
2 0.5 10 7 3 35 25 18 7 40
3 0.2 18 13 5 35 22 14 8 35
7 2 20 13 7 30 20 13 7 30
8 3 16 12 4 18 18 1% 4 23
9 0.1 18 12 6 ;? 25 16 9 22
11 0.25 19 16 3 2 % 18 12 32
14 1 20 12 8 16 19 12 7 15
15 1 19 13 6 14 26 15 11 14
16 4 9 4 5 15 18 9 9 15

Note that averages are expressed as % change from control.

Dlastolic Pressure

Pulse Pressure

Heart Rate

Percent Change Above Control

L S.E.
40t18
8829
10t10

.05
.05




Cardiovascular Changes in the Turtle
Induced by Noxepinephrine

Table 3

Fad
(2]

Animal Lose Control Experimental
T (kg S D __ P HR S D P HR
2 3 18 13 5 30 22 14 8 40
3 0.25 19 13 6 35 20 14 6 35
7 0.5 18 12 6 30 20 13 7 30
8 2 17 12 5 18 18 14 4 25
9 1 11 7 4 21 15 9 6 15
11 2 16 12 4 2% 25 13 12 15
14 10 17 13 4 24 33 18 15 14
15 4 11 6 5 18 24 15 9 22
16 0.1 10 6 4 16 14 6 8 16
4 0.23 10 5 3 15 13 6 7 15
Percent Change Above Control
% S.E. 2
Diastolic Pressure 27<14 .05
Pulse Pressure 8ot27 .05
Heart Rate 2.7%8.5 -
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E. Pressure Pulse

The pressure puise of the turtle was analysed under three different
conditions: control, after epinephrine adminisctration and after norepinephrine
administration, The pulses were analysed for the following: 1) duration of
one cycle, 2) the percent represented by systole as marked by the dicrotic
notch, 3) the percent represented by diastole and 4) the rate of change of
arterial pressure (43) given in mm, Hg. per msec., The results in the turtle

are averaged in the following table:

Zable 4
Control Epinephrine Norepinephrine
Cycle (sec.) 2.9 1.8 2,0
Sysiole (%) 35.0 43.0 41.0
Diastole (%) 65.0 58.0 59.0
Rate of change 0.013 0.029 0.023

(um. Hg./msec.)

The decrease in cycle time is indicative of an increase in heart rate
with administration of epinephrine., Under epinephrine there has been a de-
crease in the proportion of the cycle taken up by diastole indicating that
with a modest heart rate increase in the turtle the diastolic filling time
is reduced. However the same thing occurs with norepinephrine wichout an
increase in rate. Perhaps this means that the prolongation of pystole is
due to a more complete contraction due to the action of norepinephrine on

the ventricle. Without analysis of ventricular pulses to determine the role




30.

of the isomatric period in this effect, no conclusion can be made. By ex~
amining the rate of chaage of ejection data, it may be concluded that epi-
nephrine and norepinephrine both increase the initial velocity of myocardial
contraction. However epimephrine increases it to a greater extent, This
data supports the conclusions derived from pulse pressure values in Tables

2 and 3,

P. Other Observations and Discussion,

In the turtle which has a low pressure cardiovascular system, the sys-
tolic~diastolic pressure relationship is proportional to the same relation-
ship found in birds and mammals., The averagé control blood pressure as
measured in this study and as reported by others (39, 16) is 16 mm, Hg. for
systole and 10 mm, Hg. for diastole. Both of these values are approximately
one~-seventh to one-eighth of the values seen in man. The circulation time
is approximately the same as that of man for the same relative distances.

The turtle heart contracts relatively slowly. However there is a
relatively rapid phase of ejection., This is to be expected as the pulmonary
and systemic aortas are invested with stiff commective tissue (visually
observed). With careful observation, the volume of blood ejected with each
beat can be seen to fill the arterial system. Between each beat the major
arteries with the exception of the aortas appear to decrease in size and
flatten., When blood is ejected its course can be followed quite easily.
Therefore in the turtle the cagdiovascular system is characterized by; 1)

a slowly contracting heart, 2) a stiff aorta and 3) very low resistance

arteries., These factors account for the relatively rapid ejection of blood
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out of the heart,

It should be noted that bilateral vagotomy in the neck does not
alter the blood pressure and heart rate in these turtles. This indicates
that the vagus is not exerting a tonic inhibition under the conditions used
in these experiments. The central stimulation experiments indicate that
there is a cardio-inhibitory area in the brain. Because vagisection abo-
lishes the effect of central stimulatioa it may be concluded that the path-
way for cardio-inhibitory impulses is the vagus,

This study did not demonstrate any effect of sympathetic stimulation
on the heart and blood pressure. We cannot tompletely rule out sympathetic
control in the turtle because of the effects of the catechol amines. It is
known that these particular catechol amines are produced in the adrenals of
these animals (37). If the catechol amines from the adrenals are active
then 1) there must be a slow rate of destruction because of the long duration
of response, and 2) they must be relatively unspecific in their action on
myocardial contractility because both increase pulse pressure about equally.

No gross lesions were seen on the endocardial surfaces of any of the

turtle hearts.
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II. Alligator
The average control value of blood pressure of all the alligators
used was as follows; systolic pressure was 25 mm. Hg., diastolic pressure
was 15 mm. Hg. The average heart rate was 18 beats per minute. These values
are slightly less than those reported in the literature for crocodiles (39).
Circulation time was obtained in these forms in the manner previously
described. The average time for the circulation of india ink from the me-
senteric vein to the mesenteric artery was 20 seconds. This was repeated
in 2 animals. This value is similar to that found in the turtles.
A. Vagal Stimulation R
When the vagus nerve in the alligator was dissected out for stimulation
procedures, many of the animals died. In every animal in which the vagl
were sectioned death occurred within 5 minutes. §timulation procedures
were carried out on the vagi in 3 animals in which the vagl were left in-
tact. In one animal stimulation of the right vagus brought about cardiac
arrest, The only effect observed from vagal stimulation (right or left) in
the rest of the animals, was a slight decrease in both systolic and diastolic
blood pressure. Because of the rapid deterioration of the animals after
vagisection, the vagus was left intact for the other procedures applied
(drug injections).
B Sympathetic Stimulation
In a series of 4 alligators the right and left sympathetic trunks
were stimulated. There was no change in blood pressure and heart rate

observed in this procedure. This finding ie in agreement with the results
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Figure 5

Sagittal section of an alligator head. C-cerebrum, H-hypothalamus,
‘M~-medula. The cross-hatched area represents the bone of the skull, The

shaded area represents the areas that were stimulated. Each mark is 1 cm.




reported in the literature (14).
C. Central Stimulation

Holes were drilled in the skulls of 5 alligators and electfodes
placed in verious parts of their brains. Figure 5 shows the areas of the
brains that were stimulated. When the electrode was in the area of the
medulla, stimulation of 3 volts, 2 msec. and 30-100 cps. decreased the heart
rate and caused it to become very irregular. Stimulation in the posterior
hypothalamic area usually produced about 25% increase in heart rate, In
this area a slightly higher voltage was necessary. None of the other areas
had any effect on heart rate. Altogether 70’ stimulations of intensity in
excess of 5 volts were applied to various areas in the brains of the ale
ligators., There was no significant change in blood pressure from these
stimulations. In some areas the stimulus produced eye movements and nice
titating membrane contractions. In other areas the stimulus produced con-
traction of the neck muscles. The data are shown in Table 5. .

In one animal a laminectomy was performed at the level of the twelvth
thoracic vertebra. The spinal cord was then stimulated at 20 volts, Z msec,
and 50 cps. This stimulus produced gross motor movements of the tail but
did not produce any change in blood pressure or heart rate.

D. Cardiovascular Changes Induced by the Administration of Epinephrine and
Norepinephrine.,

The results of all the experiments in this series are summarized in
Tables 6 and 7. In all the animals receiving epinephrine, the diastolic

pressure was increased very significantly above the control values. This
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Table 5

Stimulation Control Expcrimental
Site \'d D D 8 D HR -] D HR
Medulla 3 5 30 25 9 19 25 9 17
Medulla 3 2 100 28 11 17 25 8 15
Medulla 8 5 70 235 8 17 17 5 8
Medulla 5 2 30 24 7 16 23 7 12
Post Hypo. 10 2 70 21 6 15 20 6 18
Poat Hypo. 5 2 30 20 5‘ 16 20 5 20
Post Hypo. 8 2 50 20 S' 16 20 5 22
Post Hypo. 5 5 50 45 36 20 45 36 24

Post Hypo. 15 2 50 32 22 24 33 22 27




Cardiovascular Changes in the Alligator
Induced by Epinephrine

Table 6

Animal Dose Control Experimental
A Jlkg 8 D P HR s D P HR
1 1 22 12 10 12 35 22 13 16
2 5 14 2 12 6 28 12 16 8
3 2 28 16 12 17 47 3 12 18
4 1 17 10 7 15 27 18 11 16
5 10 25 15 10 16 45 35 10 21
7 1 24 13 11 15 32 21 11 16
8 3 27 18 9 25 38 235 13 25
9 1 32 22 10 24 36 26 10 2
11 .1 26 17 9 18 32 20 12 19
12 10 28 19 9 335 48 36 12 40

Percent Change Above Coutrol
% S.E. 2

Diastolic Pressure 79"14 001

Pulse Pressure 2355 .05

Heart Rate 12-3 .001




Table 7

Cardiovascular Changes in the Alligator
Induced by Norepinephrine

Animal Dogze Control Experimental
A Y/ kg S D ? HR S D P HR
1 3 22 9 13 12 26 12 14 15
2 1 22 9 13 12 16 8 8 18
3 10 26 17 9 18 32 20 12 19
4 3 27 21 6 18 31 19 14 18
5 5 35 25 10 16 37 25 12 16
8 2 27 12 15 13 25 6 19 13
9 1 21 2 19 10 22 2 20 16
10 1 31 20 11 22 335 22 13 23
12 0.1 31 20 11 22 32 22 10 22
Percent Change Above Control
% S.E. B
Diastolic Pressure ot1s -
Pulse Pressure 21215 -
Heart Rate 12-7 .05
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Figure 6
Comparison of the epinephrine and norepinephrine response in the
alligator. The amount of epinephrine administered was 1 gamma per kilogram.

The amount of norepinephrine administered was 3 gamma per kilogram.




is illustrated in Figure 6. The pulse pressure was increased with epinephrine
but enly slightly more than with norep&nephrine. The average change in heart
rate was the same for both agents. However there was considerably less
variability for this response with epinephrine than with norepinephrine.

The changes in diastolic pressure with norepinephrine were so variable that

no significance could be attached to them, In fact, when averaged there was
no change.

The total duration of response to both agents was tﬁe same, 200 sec~
onds, This is a long time when compared to the duration in higher animals
but is much shorter than the duration in the’ turtle. It may indicate
that the catechol amine breakdown system is present, but because of the
lower body teaperature of this form, the rate of metabolism is slower., The
duration and amplitude of the response could not be correlated wit!, the size
of the dose of the catechol amine. As in the turtle, however, it appears
that the smaller dose of epianephrine is more effective in producing care-
diovuscular responses then the smaller dose of norepinephrine,

E. Pressure Pulse Analysis.
The pressure pulse of the alligator was analysed in the same way as

that of the turtle. The resultsz are summarized in the following table:
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Iable 8
Control Epinephrine Norepinephrine
Cyele (sec.) 3.2 2.9 3.0
Systole (%) 28.0 14.0 25.0
Diastole (%) 72,0 86.0 75.0
Rate of Change 0.045 0.060 0.042

{wm, Hg/msee.)

The decrease in cycle time indicates an increase in heart rate. This

data indicates a greater increase in heart rate under epinephrine than under
norepinephrine and supports the data deriveq\from heart rate counts, Under
epinephrine there was a great reduction in tﬁa systolic portion of the cycle.
But it must be noted that these animals had a very high diastolic pressure
as compared to control levels due to the vasoconstrictor effect of epine-
phrine, Examination of rate change of arterial pressure indicates that
epinephrine has a greater effect on the velocity of myocardial contraction
than norepinephrine. However it must be remembered that this measurement
is derived from a brachial pulse and not a true picture of the pressure rise
in the ventricle., Undoubtedly this is much greater because of the greater
pressure that the ventricle must overcome to eject blood into the arterial
system.
F. Other Observations and Discussion

In the alligator the systolic-diastolic pressure relationship is
proportional to the same relationship found in mammals and birds. The
average control blood pressure as measured in this study is 25 mm. Hg.

systolic and 15 mm, Hg. diastolic. This is about one-fifth of the values
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seen in man. The circulation time is approximately the same as that of man
for a comparable anatomical distance.

Because of the deleterious effects associated with vagisection, it
appears that an intact parasympathetic innervation of the heart is essential
in this form. This may be due to the fact that the alligator is & diving
animal and the vagus is Involved in diving reflexes or it may be involved
in the respiratory mechanism, Autopsy of a vagotomized alligator revealed
that the right heart, especially the atrium, is congested with blood and
the lungs are light in color.

This study did not demonstrate any effect of sympathetic stimulatiom
on the heart and blood pressure, However sympathetic activation can not
be ruled out completely because of the central effects and the catechol
amine effects., Stimulation in the area of the posterior hypeothalamus caus-
ed an increase in rate., This increase in rate could be due to a number of
possible mechanisms; 1) direct effect on the heart by way of the sympathetics,
2) indirect effect by an inhibition of vagal tone and 3) an indirect effect
by the release of catechol amines from the adrenals.

Because no effects could be obtained from stimulation of the sympa-
thetic trunk the first possibility may be ruled out. Because norepinephrine
and epinephrine both affect the heart it is possible that this central effect
is mediated by release of norepinephrine and/or epinephrine from the adre-
nals, However the magnitude of effect on heart rate is not as great as that
found with central stimulation. Therefore the third possibility may play

a part in this response. Due to the fact that the vagl were not sectioned
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in these animals, the third possibility cannot be assessed. However vagi-
gsection is deletorious to the heart and there is a cardio-inhibitory center
in the medulla., At least in one animal vagal stimulation caused cardiac
arrest,

Therefore the posterior hypothalamic stimulation effects are probably
mediated by beth, inhibition of the cardio-inhibitory center (41) and indi-
rect action through catechol amine release from the adrenals.

No gross lesions were seen in any of the alligator hearts.
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III. Opossum

The normal control systolic pressures in the opossum ranged from 55
to 185 mm. Hg. and diastolic pressures ranged from 30 to 130 mm. Hg., The
control heart rates ranged from 140 to 240 beats per minute.

A, Vagal Stimulation,

In a series of 6 animals the vagus nerves were stimulated with
various parameters. Stimulation of the peripheral end of a sectioned left
vagus p:oduced decreases of bload pressure and heart rate, The parameters
of stimulation necessary to produce the first change from control were 6
volts, 5 msec, 5 cps. No further changes eéald be obtained after the volt-
age was raised to 8 volts. If after this the frequency was iuncreased to
20 cps. the pressure dropped to 50% of control levels and the heart rate
dropped to 25% of comtrol levels. At higher frequencies the heart stopped.

When the peripheral end of a sectloned right vagus was stimulated
with 8 volts, 5 msec. and 30 cps, cardisc arrest occurred and was followed
by vagal ascape,

Stimulation of the central end of cut vagi produced increases in
systolic, diastolic and pulse pressures as well as heart rate, similar to
those reported following central vagal stimulation in the cat (42). The
minimum stimulation generally required is 4 volts, 5 msec., 20 cps. This
response occurred 3 seconds after the stimulation was applied and did not
return to control levels until 4 minutes after the stimulation had ceased.

The following table summarizes these results.




Table 9
. Parameters Control Experimental

Lt. Vagus Cent, V D C S D HR ] D HR

A 4 5 20 60 40 140 175 130 170

B 4 5 30 155 120 170 165 120 170

c 8 5 30 100 75 190 122 85 210
Rt. Vagus Cent. ’

A 4 3 20 80 60 150 220 170 180

B 4 5 20 85 75 140 200 1706 180

c 4 3 30 100 70 190 120 80 210

These animals all developed endocardial lesions.

None of these animals were

used in the ncrepinephrine and apinephring survey but were used in the work

on the vagus and sympathetic trunks,

B. Sympathetic Stimulation
The thoraciec sympathetic trunks fincluding the stellate ganglia
were stimulated in 4 animals,

5 msec, 10-30 eps.

The parameters of stimiglation were 4-10 volts,

Stimulation of the right stellate ganglion caused an

average increase of 207 in heart rate, 5% in pulse pressure and 8% in di-

astolic pressure,

Left stellate ganglion stimulation caused no change in

heart rate and an average change of 5% in pulse pressure and 10% in di-

astolie pressure,

& In one animal the left stellate ganglion was stimulated while both

the inferior vena cava and descending aorta were occluded,

In this case

the diastolic and pulse pressure both increased approximately 207 above

control levels.
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C. Cardiovascular Responses Induced by the Administration of Epinephrine
and Norepinephrine.

Tables 10 and 11 summarize the effects of epinephrine and norepi-
nephrine in the opoassum. Both agents caused a significant increase of
diastolic pressure above control levels., However epinephrine appears to
cause a greater increase in dlastolic pressure and pulse pressure. Again
the response to epinephrine was greater than that to norepinephrine., How-
ever only epinephrine caused a significant increase in heart rate. (Fig. 7)

It should be noted that the total duration of response differed for
the two durgs. On the average epinephrine responses lasted 50 seconds while
norepinephrine responses lasted 200 seconds. There appeared to be no cor-
relation between the dose given and the amplitude of the response.

The first three animals were in very poor physical condition, due
to their transportation during very hot weather. They were dehydrated and
appeared to have some respiratory ailment, Therefore they were not used
in determining tle average changes.

It should bde noted that in the animals numbered 1, 3 and 7, there
were gross endocardial lesions. In animals 1 and 7 they were very small
but in animal 3 there were two very large leslons, one on the papillary
muscle and the other just opposite on the septum., All the lesions were
fouhd in the left ventricle. Animal 3 had been used for sympathetic stim-
ulation,

D. Preasure Pulse Analysis

Pressure pulses were analysed in the manner previously described.




Iable 10

Cardiovascular Changes in the Opossum
Induced by Epinephrine

46,

Animal Dose Control Experimental
0 /kg 8 D P HR 8 D P R
1 5 25 10 15 200 215 160 55 270
2 G.5 55 30 25 240 110 85 25 270
3 1.25 40 20 20 210 100 70 30 260
4 2 57 42 15 150 180 140 40 220
6 1 185 130 55 150 ' 270 200 70 210
6 1 155 110 45 170 190 140 50 180
7 5 145 110 35 160 180 135 45 175
7 5 160 110 50 150 200 130 70 170
8 3 150 100 50 140 180 115 65 150
8 2 55 30 25 160 85 60 25 270
9 1 80 50 30 240 145 105 40 270
Percent Change Above Control
% S.E. P
Diastolic Pressure 7225 .01
Pulse Pressure #ltlé .01
Heart Rate 23t11 .05




Table 11

Cardiovascular Changes in the Opossum
Induced by Norepinephrine

47.

Animal Dose Control Experimental
0 /kg s D P HR 8 D P HR
1 2.5 45 25 20 210 187 135 50 250
1 2.5 35 15 20 210 160 120 40 240
2 1 35 15 20 200 80 45 35 240
3 2.5 30 10 20 200 135 105 30 250
4 3 160 110 50 140 ' le5 115 50 140
6 1 130 90 40 180 150 105 45 150
6 5 115 80 35 150 140 100 40 140
7 5 155 105 50 150 180 120 60 150
8 2 75 40 35 170 180 150 30 360
9 2 85 55 30 120 105 70 35 130
9 2 80 50 30 110 125 75 50 110
Percent Change Above Control
& S.E. 2
Diastolic Pressure 5726 .01
Pulse Pressure 1610 .01
Heart Rate 1258 “—-
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Figure 7

48.

Comparison of the epinepbrine and norepinephrine response in the opossuum.

Dose was 2 gamma/kg.
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The results on the opossum are summarized in the following table.

Table 12
Control Epinephrine Norepinephrine
Cycle (sec.) 40 «30 .35
Systole (%) 30.0 44.0 40.0
Diastole (%) 70.0 36.0 60.0
Rate of Change 0.225 0.375 0.325

{mm. Hg./msec.)

The decrease in the duration of the cycle indicates an increase in
heart rate with both epinephrine and notepiggphrine; However the duration
of the cycle decreases to a greater extent with epinephrine. This supports
the data derived from the cardiotachometer. The results indicate that the
diastolic portion of the pressure pulse was decreased., This means that the
diastolic filling time in the opossum is reduced with increases in heart
rate. In this respect the opossum is similar to the turtle but 1s different
from the alligator. Examination of the rate of change of the anacrotic
1limb of the pulse shows that with epinephrine and norepinephrine the heart
increases pressure at a more rapid rate than normal. Epinephrine is slight-
1y more effective than norepinephrine in this respect.

E. Discussion

The opossum has a cardiovascular system which reacts in the same
manner as other mammals. Bilateral carotid occlusion, done in two animals,
produced increases in diastolic pressure, pulse pressure and heart rate.

Vagal stimulation produced cardiac arrest followed by vagal escape. The
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vagal escape was much easier to obtain with the right vagus. Central vagal
stimulation produced increases in systolic, diastolic and pulse pressure as
well as heart rate, Right stellate stimulation produced heart rate changes
primarily while the left stellate stimulation resulted in diastolic and pulse
pressure changes without heart rate changes, All of these effects are si-
milar to those found in eutherian mammals.

Endocardial lesions were found in the left ventricles in 6 of 11 of
these animals. These lesions were found in animals which showed & greater
than average pulse pressure change., In fact the largest lesions were found

where the pulse pressure change exceeded hﬁl'above control.
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IV. Chicken

The average control values of bleod pressure for the anesthetized
chickens used in this study were as follows: 1) systolic pressure was 112
me, Hg., 2) diastolic pressure was 94 umm, Hg, The average heart rate was
300 beats petrminute,

A. Cardiovascular Responses Induced by the Administration of Epinephrine
and Norepinephrine.

In the chicken both catechol amines significantly increased diastolic
pressure, However epinephrine was almost twice as effective as a vasocon-
strictor substance. Epinephrine had a much greater effect on the change
in pulse pressure than norepinephrine. Heart rate decressed with epine~
phrine and did not change with norepinephrine, In this series the vagi were
intact. If the vagi are cut or atropine administered the heart rate in-
creases with epinephrine, Under these conditions norepinephrine causes a
slight increase in heart rate. The experimental results of the animals with
intact vagl are summarized in tables 13 and 14,

Figure 8 1llustrates the typical cardiovascular respomnses to the
catechol amines in one chicken. Careful inspection of the records shows
that the duration of the response to epinephrine is twice as long as the
duration of response to norepinephrine. In general the duration of the
epinephrine response was 60 to 80 seconds while the duration of the nor-
epinephrine responses was 25 to 40 seconds. As in the other forms, it
appears that the smaller doses of epinephrine are wore effective in pro-

ducing cardiovascular responses than the smaller doses of norepinephrine.




Table 13

Cardiovascular Changes in the Chicken

Induced by Epinephrine

52.

Animal Dose Control Experimental
c /kg 8 D P HR s 8 D P R
1 1 105 85 20 340 125 100 25 320
1 2 105 85 20 340 130 100 30 320
2 5 125 110 15 350 165 135 30 280
2 5 120 105 15 350 165 135 30 330
3 i 115 100 15 340h: 145 125 20 320
3 5 125 105 20 330 180 135 45 252
4 0.5 115 100 15 330 150 125 25 260
5 3 130 110 20 315 165 130 35 260
6 1 150 125 25 240 180 135 45 180
7 2 100 35 65 240 120 60 60 250
8 $ 65 45 20 370 120 100 20 370
9 5 75 60 15 370 155 125 30 375

Percent Change Above Control
% 8.E, B

Diastolic Pressure 3924 .001

Pulse Pressure 58+13 .01

Heart Rate -1253 ——-




Table 14

Cardiovascular Changes in the Chicken
Induced by Norepinephrine

Animal Dose Control Experimental
c /kg s D P HR 8 D P HR
1 1 110 90 20 340 115 95 20 360
1 2 100 80 20 340 120 100 20 360
2 5 115 100 15 350 150 125 25 340
2 5 115 100 13 350 155 130 25 375
3 1 120 105 15 310 135 120 15 300
3 5 110 95 15 300 180 13315 25 300
4 0.5 105 80 25 330 130 110 20 300
4 3 110 95 15 330 130 110 20 36é5
5 0.1 105 80 25 350 130 116 20 360
6 5 165 135 30 330 185 145 40 330
7 2 100 60 40 300 155 355 100 300
8 5 70 50 26 360 80 65 15 370
9 3 63 50 13 370 75 65 10 380

Percent Change Above Control

7. 3.3. _.E_
Diastolic Pressure 20i3 .001
Pulse Pressure 26f13 -

Heart Rate lfl.é P
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B. Pressure Pulse Analysis
The pressure pulse of the chicken was anzlysed in the same manner as the

other species in this study. The results are summarized in Table 15.

Tsble 15
Control Epinephrine Norepinephrine
Cycle (sec.) 0.2 0.24 0.2
Systole (%) 50 33 50
Diastole (%) 50 67 50
Rate of Change “ 0.575 6.25 2.0

{mm, Hg./msec.)

Increase in the c¢cyele time with epinephrine supports the cardiotachometer
evidence of heart rate decrease. In the chicken the systolic and diastolic
portions of the pressure pulse are equal during the control periods and with
norepinephrine., However the rate of change of arterial pressure increases
greatly with norepinephrine. These pulses have a slightly lower dicrotic
notch than the control pulses. With epinephrine the systolic portion of
the pulse quantitatively decreases and the dicrotic notch is very high on
the pulse. The decrease in the systolic portionm is probably due to the
great increase in the rate of change in arterial pressure with epinephrine.
The high diastolic pressure and steep slope of the pulse with a high di-
crotic notch all indicate that the distensibility of the aorta has been

diminished.
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This figure summarizes the results of epinephrine and norepinephrine in
all the animals.
T=Turtle A=Alligator
O=0possum C=Chicken

D=Dog
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However this data may very well not be a true representation of pulse
pressure in the chicken. Because of the high heart rate, the time tran-
sients exceed the fidelity of the recording system.

V. Compariscn of the Epinephrine and Notepineéhxine Responses in all the
Species.

For a more complete comparison of reptiles with birds and mammals,
it was necessary to obtain data on the action of epinephrine and norepi-
nephrine in & dog or cet., Recently a series of dogs were given small doses
of epinephrine and norepinephrine and their cardiovascular responses were
studied in our laboratory (44). .

Figure 9 summarizes all the results of catechol amine administration
in this study.

1f increased diastolic pressure is equated with increased vasocon-
striction due to the catechol amine action, epinephrine acts as a good
vasoconstrictor substance in all of the animals, particularly in the alli-
gator., Norepinephrine acts as a vasoconstrictor substance in all animals
except the alligator., With the exception of the dog epinephrine is more
effective.

Epinephrine lacreases the heart rate to a greater extent in the turtle
and opossum than norepinephrine. In tue alligator both catechol amines
increasc the heart rate to the same extent but epinephrine was effective

at a lower dose., In the chicken heart rate actually decreases with epi-

nephrine.
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Increased pulse pressure and increased rate of change of arterial pres-
sure may be equated with lncreased myocardial contraction until diastolie
distensibility diminishes with kigh diastolic pressure. Epinephrine acts
on the myocardium of all the auilmals to a greaier extent than norepinephrine

though both act on the myocardium.




General Discussion
Very little is known about the function of the autonomic nervous

system in the protochordates and agnatha but the vagus seems to exert some
control over the heart and gut of cyclostomes. Clear-cut domains of auto-
nomic function become recognizable in the elasmobranchs, in which vagus
inhibitory control of the heart (46) and sympathetic motor effects on the
abdominal viscera (31) have been established. In teleost still further
effectors come under sympathetic control, particularly chromatophores

and swim bladder but more important the blood vessels. In the Amphibia
there is good evidence of extension of sympathetic control to the heart
(12, 14).

Analysis of evidence leads Colin Nicel to the conclusion that the
autonomic nervous system of vertebrates shows two main independent lines
of evolution from some simple level such as that found in extant elasmo-
branchs. These two lines occur in actimopterygians, leading to modern
teleosts, and in choanichthyes, leading to Dipnoi and tetrapods (31).

This concept fits the data from protochordates through Amphibia.
However there appears to be another division of development in the Reptiles
between the Chelonia, Diapsid and Synapsid branches.

In the Chelonia, a very primitive branch, no evidence of sympathetic
control of the heart could be demonstrated in this study or by Gaskell (14).

The vagus in this form inhibits the heart, However section of the vagus

59.
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does not cause increase in heart rate. This indicates that the turtle heart
is not under tonic inhibitory action of the vagus., Evidence is presented
for a centrally located cardio-inhibitory area. However this study could
not show any active areas in the brain for acceleration or augmentation of
the heart or for vasoconstriction,

We cannot completely rule ocut sympathetic control in the turtles
because of the effects of catechol amines that were demonstrated. The
circulatory system of turtles appears to be slightly more sensitive to
epinephrine than norepinephrine.

Analysis of the evidence indicates that the turtle is primitive in
cardiovascular control as well as in anatomy. Being one of the earliest
branches off of the stem reptiles it is reasonable to expect that the
physiology of this form would be closer to the Dipnoi fish physiology than
any of the other present reptilea. And it would probably be more primitive
than the present day amphibians. This appears to be the cas:,

The Diapsid group of reptiles, those which were the root of the birds
and crodilia, show a different picture of cardiovascular control in present
day forms.

In the alligator the vagus nerve seems to be very important in nor-
mal function of the heart, because vagisectlon has very deletorious effects
on the animal, Stimulation of the vagus causes cardiac arrest while stim-
ulation of the medulla causes cardiac slowing., This indicates a central
cardio~inhibitory area which probably acts through the vagus, In this latter

aspect of vagal control both the turtle and the alligator are alike,
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Thig study did not demonstrate any effect of sympathetic stimulation
on the heart and blood pressure, This agrees with the findings of Gaskell
{14) 4in the crocodile. But we cannot rule out sympathetic effects entirely.
Stimulation in the area of the posterior hypothalamus eaused an increase
in rate. This rate increase could be due to either inhibition of vagal
tone or increase in sympathetic discharge or release of catechol amines from
the adrenals.

When administering catechol amines it was noted that epinepbrine
acted as a vasoconstrictor substance and both are cardic-accelerator sub-
stances, R

It would appear that cardiovascular control in the alligator is
primarily a vagal function. The facts that vagisection is deleterious,
that there appears to be a medullary center which is cardio-inhibitory and
vagal stimulation slows and stops the heart, establish that the vagus
controls the heart., The lack of cardiac respomse to sympathetic stimulation
and catechol amine administration rule out sympathetic control of the heurt,
at least of such nature as to over-ride the intact vagal control. The
effects of hypothalamic stimulation then are probably due to both inhi-
bition of the cardio-inhibitory area in the medulla by the hypothalamus
and epinephrine release from the adrenal gland, In the chicken the cat-
echol amine results are quite similar to those seen in the alligator except
that the vasoconstriction caused by epinephrine is not as great. No work
has been done on the sympathetic system of the chicken so that no conclu~-

sions as to the nature of the cardiovascular control can be reached,
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In the Synapsid branch of reptiles there appears to be a balanced
system of cardiovascular control with both the sympathetic and vagus taking
part. This has been well established in the Eutherian mammals, It would
appear that in the Metatherians, represented by the opossum, the same basic
controlling systems obtain., This is borne out by the fact that vagal and
sympathetic stimulations as well as catechol amine administration have the
same qualitative results in the opossum as are found in dogs and cats,

This study has established some basis for the supposition that
along with different morphological development in reptiles there has been
different types of cardiovascular control developed, Furthermore this study

adds to the general knowledge of cardiovascular physiology of the reptiles,




SIMMARY
1. Cardiovascular control has been studied in the turtle, alligator,
opossum and chicken.
2 In the turile, no evidence of sympathetic contxcl of the heart could
be demonstrated, The vagus decreases heart rate and has central represen-
tation in the meduila. The catechol amines effect the sardiovascular system
of the turtle.
3. In the alligator, section of the vagi cause death. No evidence of
sympathetic control of the heart eould be demonstrated, Two areas in the
brain were shown to effect the heart rate. Epinephrine acts as a peri-
pheral vasoconstrictor while both catechol amines increase pulse pressure
and heart rate,
4, The opossum has a cardiovascular system which reacts in the sawe manner
as other mammals, Carotid oecclusion, afferent vagal stimulation, sympathetic
stimulation and catechol amine administration iacrease blood pressure and
heart rate, Efferent vegal stimulation causes cardiac arreest,
5. In general epinephrine was more effective than norepinephrine in
changing the diastolic and pulse pressures in all the species studied,
6. This study indicates that cardiovascular control has assumed seversl
differeat forms from the amphibians through the reptiles to the birds and’

manmals,
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