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ABSTRACT

Respiratory and circulatory changes which

accompany submargence were_studled in Amphiuma tridactylum,
an aquatic urodele. All experimentation was performed

at 15° C with the‘exception of oxygen consumption recordings
taken at 25° C, The lungs, systemic arches, pulmonary |
arteries, pulmonary velns,'posticaval vein and dorsal

aorta were cannuleted. Seriellsampling procedures enebled
POy and PCOjp measurementé to be mede through'several.
breathing cycles on all anlmals _ - t_

. Oxygen ' consumptlon in Ehl a at 15° C.was the
-'lowest recorded for any amphlblan at a comparable temp-
erature. It was found that the . lungs were the prlmary
resplratory exchange surface for oxygen . consumptlon and
were used very llttle for carbon d10x1de ellmlnatlon

| Oxygen tensions in the;major Vessels showed
flarge fluctuations which werehrelated to7the,breathing
cycle'of the animal. Amphiuma breathed about once every
'hour at le C and it was just-after.albreath that oxygen
tensions in the lungs and major-yeSSelsiwere the-hlghest.-:='
_There was a definite gradlent between the pulmonary |
.artery and systemlc arch wh1ch per51sted throughout the
'breathlng cycle.

Termination of 1nsp1rat10n in- Ehl wasb

~ shown to be controlled by a volume detectlon mechanism.
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1t was found that low oxygen tenSions in the blood brought
about a breathing response whereaé there was no felation-
ship between the carbon dioxide ievels in the body and the
Breathing response. » |

The pulmonary artery had a lower diastolic
biood pressure than did the systemic arch. There‘was a
'slight pulse‘lag in thé systemic arch when compared to
the pressure rise in the pulﬁoﬁary artexy such that a
Ppressure rise was not recorded iﬁ.the systemic arch until
the blood pressure in the two cifcuits hecame equél;.It
was éuggested that theApulse-lag}éould account for deoxy-.
genated blood teing primarily_éhunted to the pulmonéry
circuit, and oxygenated bibod beiﬁgfshunféd to fhe.systemiéz'”

circuit.
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GENERAL INTRODUCTION | |

Interest in the respiratory and circulatory
dynamics in the Amphibia dates back to the-19thbcentury
.when‘Brﬁcke (1852) in Germany and later Sabatier (1873)
in France examined, with primitive techniques by our |
standards, the anatomy and physiology of frogs and'other
vertebratee.yThey postulated what is‘now known as the
"Classical Hypothesis" of amphibian double circulation.

In brief, the hypothesis statesdthat'deokygen-
ated blood from the right atrium enters the ventricle
and remains on the right side whereas okygenated.blood
from the left atrium enters~andyremainsyon the left side
of the ventricle. Second, theretié’very little mixing
of.the two types of blood aS>a'resu1t of¢the trabeculate
nature ofvthe ventricle,‘Third; the3spira1'va1ve invthe
conus directs the deoxygenated Bloodvto:the pulmonary
_'circuit, aided by a lower oresaure in'thenpulmonary
- vessels. The result of this channeling'is‘that the
pu1monary circuit contains primarily deoxygenated blood
‘and the systemic circuit oxygenated blood | '

| " The p01nts of agreement today with this earller o

hypotheSlS are that there is a separatlon of the two
types of blood in the ventrlcle and that the blood Wthh

_ ‘flows to the pulmonary circuit appears,to be relatlvely



ueoxygenated and comes from the right atrium. Theb
voxygenated blood from the left atrium is thought to be
primarily shunted to the systemic circuit. Recent work
in this area has been done by Foxon (1947 and 1964),
Hazelhoff (1952), De Graaf (1957); Sharma (1957), Simons
(1959), Delong (1962), Johansen (1963) and Johansen and
Ditadi (1966). The actual mechanism whereby oxygenated
blood enters the systemic circuit and deoxygenated blood
shunted tc the pulmohary.circuit is obscure.

" The amphibian,_Amphiuma‘pridactylum, used in

this study is an aquatic urodele foundfin freshwater
drainage ditches, ponds and slow.moving’streams ih the
vsoutheastern United States. The reasons for choosing
thlS animal are that 1t is 1arge the blood vessels
are large and acce531ble for cannulation'and minimai
maintenance is reqoired to keep theseaanimals,iﬁjthe
laboratory. Recovery  from operationS'is’rapid and
vcomplete The animal breathes Very 1nfrequent1y (at 15°
c breathlng occurs every 45 to 75 minutes (Darnell 1948)),

' eand therefore changes in blood gas tensions between N
breaths can be easily monitored. Many amphibiahsbtake uph]
,oxygen through their skins as well as their 1uhgs but “
AmEhi uma, although aquatlc and unable to surv1ve on land,

1s dependent upon access to the atmosphere and cannot



remain submerged for more than four to five hours}
(Darnell 1948). This amphibian therefore probably takes
~up most of its oxygen Qia the lungs. The lungs are large,
elongated sacs which extend at least 4/5 of the way along
the body cavity. The circulatory system is typically
amphibian except for the lack of a cutaneous branch
from the pdlmonary(artery and the absence of the ductus
Botalli (Baker 1949). The nuleated red blood cells
are the largest known in any aniﬁaiv(70>to,80 microns
in diameter). | |

In the first section of this Study, oxygen
and carbon dioxide tensions in the ma jor blood vessels
and lungs.were measﬁred in freeQmoﬁing,’unanaesthetiéed
"animals. Oxygen consumption et_léfand 25?C was also
measured in several animals. . ) | - Av‘

In the second section thé animais' breathing
responses to the injections oflvariods oxygen and carbon
~dioxide concentrations into the lungs were determined.
Terminationlof inspiration and the.yarious stimuli in-
_volved were also srudied; S . |
| In the third Sectien experimenrs were performed
~to defermine the mechanism whereby oxygenated blood was
-sent to the systemic circuit and deoxygenaﬁed bleod,to

the pulmonary circuit. Experiments,wereAalso:designed
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to show the effects of inspiration and expiration on the
cifculatdry'system.

In Summary,,the objectivas of this study were
to obtain a more complete picture of the phyéiology of
gas exchange in one species of amphibian and attempt
to elucidate the mechanisms inﬁolved in the associated

respiratory and circulatory processes.



GENERAL MATERIALS AND METHODS
A. ANIMALS |
" The amphibiéns used in this study, Amphiuma

- tridactylum, were obtained every four to six weeks from

the North Carolina Biological Supply Company in Durham,
 North Carolina; U.S.A. All animals were maintained at .
‘the University of British Columbia in thirty gallon
‘aquaria containing fresh dechlorinated water at 12-18°C
Ihe animals were used for experiments within six weeks
of arrival and feeding was not necessary. Survival was
good and the animals did not show ahy sign of furunculo-
sis if the water in which-they were maintained was
‘allowed to become somewhat "swampy",lsimilarHto their .
vnormal habitat. | | |
" All of the animals,usedxwéré-adults, fanging
in weight from 250-1000 g and in length from 50-100 cm..
Since actual metabolic rate was‘nét an importéﬁt parametef
in the'majority of experiments,;male'and female animals

‘were used at random.

B B. OPERATIONS AND CANNULATIONS

All operations were performed after animals
" had been anaesthetized by total immersion in a solution
of MS 222 (tricaine methanesulphonate, Sandoz) at con-

‘centrations of 15 g/l. Anaesthesia occurred within 20-40
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minutes and the animal remained anaesthetized for % ﬁo
3/4 of an hour at this dosage. Care.was taken to keep
the skin moist throughout an operation. After the oper-
ation the animals recovered fully in fresh water within.
one hour. In all experiments which required an operation,
the right lung was cannulated and lungs were artificially
ventilated with atmospheric air to speed up recovery.

Various veins and arteries wére cannulated and
in all cases indwelling, chronic;_polyethylené cannulae
_'vwere used. Blood vessel and lungvéannulae were all made
from Clay-Adams P.E. 50 tubihg (I.D,v0.0ZS inches, 0.D.
0.038 inches)..Blood cannulae were filled with heparin-

- ized saline (250 IU per ml) to pfeveht clotting.
o Depending upon the typeiof cannﬁlétion desired,

'a 5 cm incision was made in the véntfal musculature and
Lbody wall either at a‘point-midway between the anterior
f'_appendages (fof pulmonary artery;.éYStemic.arch and.a )

’ pu1monary vein cannulations) dr 5v¢m anterior to the.
ﬁent (tip of the lung, post céval'vein or dorsal aortic
cannulations). After the opéfatidn thé pericardium was
sewn up and thé incision in the body wall cibéed with
| Clay-Adams 9 mm wound clips. E B

3‘Cannulatioh of the pulmonary.artery, dorsal
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éorta and systemic arch aré relatively easily performed
by sharpening a 55-65 cm length of P.E. 50 tubing, filling
it with heparinized saline, attaching a 1 ml hypodermic |
syrlnge tc the unsharpened end and 1nsert1ng the sharp-
ened end into the artery (Flg 1). It was 1mportant that
cannulae inserted into the pulmonary artery and systemic
arch were of a similar length such that meaningful com-
parisons ofvblood.pressure in the two vessels could be
‘made. After the artery had been exposed and a free 0.5
cm portion of the vessel clamped, a 23 gauge needle was
used. to punctureAa small hole_ihAthe artery. The sharp-
ened portion of the cannula was then forced into the
- vessel and the clamps removed. The muscular nature of
the artery forms a tight seal afound the cannula and
‘there was no leakage of blood.from thé poiﬁt of entry
into the vessel. The size of theﬁindwelliﬁquanﬁulaé
. was never more than one third the size of the vessel,
minimizing the effect of the Canhulae on.the pattefn
-of'blodd flow in the vessel. Affér insertion the cannula
_Was tied into place, usually t§ja piéce of strong tissue
: beside thé vessel. At the point of éxit from the body,
A;‘the'cannula'was also sutured to fﬁe~skin-of the animal
'  so that minor movements of the animal would not result

in the cannula being pulled from the vessel



Figure 1 A drawing of the techniques used in the

cannulation of Amphiuma tridactylum:

a. arterial cannulation

" b. Venous cannulation.
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Venous cannulatioﬁs, oh.the‘other hand, were
more difficult. The pulmoﬁary vein was cannulated at a
point where the vein leaves the lung and before it fuses
to.the'sinus venosus. Cannulatioﬁ srocedure was similar
to fhat described for arterial camnulation with the
exception that venous cannulaé did not remain firmly
in the vessel unless the cannula were sutured to the
vessel (Fig.Al). in the cannulation of the post caval
vein it was possible to enter the larger vessel by forc-
ing the cannula through a'smallrcollateral vein. Small
collateral veins used in this techniqﬁé were ones which
 were draining small fat bodies and it was felt that this
would in no way disturb the genefal circulation of the
‘-blood..By cannulation of the veins and arteriéé using
- the above mentioned techniques; it was possible to obtain
serial samples of blood at ény time desired with minimal
disturbance to the animal. Figure Z'illﬁstrates the
major vessels cannulated and ﬁheif7spacial relationéhips
with the heart. |
H The distal tip of the right 1uhg of each aniﬁal
ﬁas cannulated by inserting the flared end of a 50 cm
| length of P.E. 50 tubing into a:smallvinciéion in the
lung and then firmly suturing the lung around the cannula;_‘

It was possible to obtain small samples of alveolar gases »"



Figure 2

The major blood vessels, lungs and heart

of Amphiuma tridactylum;

10.
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(through the lung cannula) at any time during the exper-
iments with minimal disturbance to the animal.

C. ANALYTICAL PROCEDURES

1. Blood Gases

Blood oxygen and carbon dioxide tensions were
measured on a Radiometer Aeid-Base Analyzer Type PMH 71.
vThe PO2 and PC02 electrodes were caiibrated with saline
equilibrated at the desired partial pressﬁres. Blood
Was‘allowed to flow from the animals through the cannulae
into the POy and PCO9 electrede systems; the total amount
of blood in the cannﬁlae.from'one sample never_exceeded
0.20 ml. After the reading had been made (3-5 minutes)
the blood‘was gentiy forced back‘into the animal, a
negligible amount of blood wasjlost and the total bloed
ivolume ef the animai was érobably;nettdisturbed.
2. Alveolar Gases | | o
| Alveolar gas samples ofiﬁd.larger than 0.20 ml

were analyzed for oxygen, ﬁitrogen'aﬁd carbon7dioxideA

~ on a Varian Aerograph Gas Chromatograph Series 200.

The separation columns used in the chrdmatograph were
Silica-gel (screen size 42/60) and Mblecular Sieve 5A
.(screen size 42/60) The columms: were arranged in series
w1th the thermal conduct1v1ty detector Standard gas

f samples used to callbrate the chromatograph were obtalned
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from The Matheson Company of Canada, Whitby, Ontario
and the Canadian Liquid Air Coﬁpany, Vancouver, B.C.
The total amount of time required for the analysis of
one sample was six minutes. Gas samples were taken
from the lungs in a 0.25 ml Hamilton Syringe (Gastight
# 1750 with a Chaney adaptor) and injected into the gas
éhromatograph. |

~ 3. Blood Pressure
To record blood pressure, the cannulae were

comnected to Statham 23AA (arteriezl), 23BB (venous),
or 23 Db (sméll volume artefial)-pressure transducers
‘and displayed on either a Beckmén Type R Dynograph or
a Gilson Polygraph. The preésuré transducers were cal-
~ibrated with a column of saline prior to and during all
experiments.

| A square wave preésufe change was applied
 to the complete systém (cannulae, transducers, amplifier
and'pen-recérder) in a méthod'described‘by Shelton and
Jones (1965a) and it was found that:the‘response time
of the equipment was 0.2-0.25 msec.,?teﬁ times faster
- than any pressure change recorded from the experimental:
animals. | | ‘ | |

D. MEASUREMENT OF OXYGEN CONSUMPTION

Oxygen consumption in Amphiuma tridactylum
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‘at 15°C was measured in two different ways. In the first
‘method an animal was put into a 4,850 ml Erlenmeyer
flask and immersed in a water bath at 15°C. The flask

. was then Zilled with water, also at 15°C, and sealed

>
‘with a rubber stopper perforated with‘a 5 ml pipette
(Fig. 3). The tip of the pipette extended into the animal
chamber and was also filled with water. It was assumed
ffom information provided by.Krogh (1904), Winterstein
gg.‘gl. (1944), Jones (1967) and~myéelf (obtained from
thé first section of this thesis) that very little carbon
‘dioxide is released into‘the_lungs of amphibians. Hence,
é drop in the water level in the pipette would be ihdiéét-
ive of a decrease in lung volume and therefore the animals
volume  and would représent the”amount‘of oxygen consumed
plus any aitrogen diffusing out of tﬁe lung. The animal
1was allowed to breathé once'éveryﬂhouf at which time the
flask was sealed again and the water level in the pipette -
set at zero;’Oxygen and carbon dioxide tensions in the
wétér surrounding the animal were continually monitored
by pumping water from the chamber through silastic tubing,
_past the oxygen and carbon diokidélelectrodes, and back
into the‘animal chamber . |

In the second method of béygen consumption

~ the animal was placed into a 4,850 ml Erlenmeyer flask



Figure 3

14

Apparatus used for the measurement of

oxygen consumption in Amphiuma tridactylum.

a. volume change methoc.

b. modified Scholander method.
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containing 1,000 ml of fresh water. Air samples were
taken every hour from the chamber through a tight rubber
seal at the top of thé flask and analyzed for oxygen,
nifrogen and carbon dioxide concentrations oh a gas chro-
matbgraph (Fig. 3). The Erlenmeyer flask was immersed
in water at 15°C.

E. ANIMAL SURVIVAL

Animals with chronic indwelling cannulae sur-
vived for periods in excess of sevan days. Death usually
resulted from some violent movement which pulled the .
cannulae from the vessel. In most cases however, the
animal was killed, after the experiments had been per-
formed, in order to measure lung volume and thé physical

dimensions of the animal.



, 16
PART'I, GAS TENSIONS IN THE LUNGS AND MAJOR BLOOD
VESSELS IN A FREE MOVING AMPHIBIAN,
AMPHIUMA TRIDACTYLUM.

INTRODUCTION

In the majbrity of-investigations amphibian
blood gas tensions and contents have been determined
from terminal blood samples (DeLong, 1962; Johansen,
1963). Serial blood samples for gas analysis have been
taken in only a few instances (LenZant and Johansen,
1967; Shel.ton, personal communication on unpublished
data). In the experiments. reported here, serial blood
samples were obtained for blood gas analysis from free
moving, unanaesthefized animals. _ |

| DeLong (1962) found that in analysis of the
oxygen content of terminal blood Samples in several

Rana pipiens ''the carotids receive primarily left atrial

- blood, which is highly oxygenated, whereas the pulmo-
cutaneous vessels receive blood almost exclusively from
the right atrium'. He also found that there was con-
- siderable mixing of oxygenated and deoxygenated blood.

| Johansen (1963) found in his analysis of the
oxygen content.of terminal samplésfin the major'vésselé

of Amphiuma tridactylum that in most animals'sampléd,

the aortic arch received blood of a higher oxygen content
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than did the pulmonary arch. He also found that ﬁhe
| bxygen content in the pulmonary vein was similar to that
found in the aortic arch. The results he obtained however,
cOuld-possibly be quite abnormal in that in ﬁost exper-
iﬁénts pure oxygen was injected into the lungs. prior to
éampling. Johansen and Ditadi (1966), working-bn the

giant toad, Bufo paracnemis, obtained results similar

to those of Johansen (1963).

Terminal blood sampling is acceptable if only
one blood sample from the animal is required or if the
experimental animal is too small to take more than one
»sample. Terminal determinations have the disadvantage
that . the state of blood is knéwﬁ:only at one particular
timé. Lengthy times between breaths must certainly af-
fect the oxygen and carbon dioxide;leveié in the blood
and it is difficult to determine from one sémple the
normal gas levels in the blood. ;F_ '

. Determination of the oxygen 6r carbon dioxide
“content of blood is indeed useful for a complete under-
~ standing of the respiratory physiology of an amphibian;
however, if content determinations are desired blood
-must be permﬁnently removed frbm‘the body‘and sefial
'sémpling'on one animal could drasticallj upset the nor-

“mal physiology by lowering the total blood ?olume. Partial
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pressure determinations have the advantage that micro
blood samples are required and can be returned to the
bodyvafter the determination has beén méde. Content can
then be calculated from the blood dissociation curves.

Serial blood gas determinations have been car-
ried out by Lenfént and Johansen (1967). They subjected

three species of amphibians (Necturus maculosus, Amphiuma

tridactylug and Rana catesbeiana) to prolonged periods

in the air or under water. Although the effects on indiv-
- idual animals were not shown, they found that in

Amphiuma tridactylum and Rana catesbeiana the overall

effect of submergence was to lower the blood oxygen
tensions and to»slightly-raise the blood carbon dioxide

tensions and by keeping the aquatic Necturus maculosus

‘exposed to the air, they found that blood oxygen tensions
dropped and the carbon dioxide rose slightly..

The present experiments were designed to study
the changes in gas tensions of oxygen and carbon dioxide

in the major vessels and lungs'of Amphiuma tridactylum

during normal breathing cycles, and to determine the re-
lationships between these levels. Oxygen consumption

‘was also measured.
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'MATERIALS AND METHODS

These experiments were carried out on fifty-
four Amphiuma weighing between 250 and 1000 g. Animals
were nét used for physiological experimentation if they
»had'been at the university for a period longer than six
weeks. The water temperature for all experiments other
than oxygen consumption determinations was 15%0.05°C.

The Amphiuma were anaesthetized and cannulated
as previously described. No moré than three cannulae
were inserted into the animal at any one time. In all
cases a minimum of two hours was allowed to elapse be-
fore the start of the experiment proper. Table I indic-
ates the types of cannulae used and the numbervofvexper-
“iments doﬁe, contributing to the?experimental'results

of this section.

Table I. Types of cannulae and numbers of animals used.

Type of cannulation - ' number of animals
lung albne - . o '   . 6
lung and dorsal aorta T v 9
lung & systemic arch & pulmonary*veih. .16
Lung & dorsal aorta & post caval vein | 5
iung_& dorsal aorta &.pﬁlmonary vein 2

lung & pulmonary artery & pulmonary vein 1



Blood and lung gas‘tensions were measured és
described in the General Materials and Methods. Oxygen
consumption of fifteen Amphiuma at 15°C was measured
| uSing the volume change technique (10 Amphiuma) and
modified écholander technique (5 Amphiuma). The ten
éﬁimais measured at 15°C by the volume change method

were also measured at 25°C using the same method.

RESULTS

‘A, ALVEOLAR GASES

Amphiuma tridactylum remains submerged for

long periods of time and surfaces to breathe. The
Amphiuma in these experiments had a breathing interval
of 55 * 3 (S.E.) minutes at 15°C. Although critical

20

temperature experiments were not done the one experiment

performed at 8°C extended the brééthing interval to
285 minutes. » o o

PO2 in the lungs declihéd‘betweén breaths,
falling from 101 ¥ 4.8 to 44 ¥ 2.9 mm Hg. The highest
~POy's are recorded‘immediatelyfafter a breath and the
lowest immediately prior to a&bEéafh (Fig. 4). Where

serial samples were taken.closely'enough to observe

‘the shape of the P02-disappéarancé curve, it was observed

that oxygen concentrations drdpped‘in a slightly feversed



Flgure 4 PO decrease in the 1ung> of four Amphium
The highest P02 levels occur 1mmed1ately after
a breath and the lowest_levels immediately

prior to a breath.
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Sigmoid-shaped curve, More simply, the rate of oxygen
decrease from the lungs was not as fapid in the first
fifteen minutes as it was for most of the remaining time.
Figure 4 also illustrates the effects of a low temperature
on the nature of the lung oxygen disappearance curve.
At 8 C°the POy reached 23 mm Hg within 285 minutes, when
the animal breathed. | ' ’
Alveolar PCOs varied little throughout the
breathing cycle in all experiments. The first lung sémple,
taken imﬁediately after a breath, tended to be slightly
lower in carbon dioxide concentration than that found
dﬁring the rest of the breathing interval. Within five
minutes the aveolar PCOy returned to the mean level of |
'14.9 mm Hg after the recorded drop of about 16% (the
‘percentage drop is a mean value calculated from 20 animals
" through 6& breathing cycles) and did not fluctuate ap-
preciably theréafter. In onl§.6ne.oﬁt~of tﬁenty-two
- experiments in which the 1uﬁg carbon dioxide was measured.
did the levels increase to any extent as the animal
Afeméined submerged. A "POs and P002 diagram" was constructed
for breathing cycles of six AmphiUmé (Fig. 5). The dia-
-'gram deséribes fhe changes in PO and PCO2 in the lungs
during a breathing cycle. The vaine which would des-
cribe PO, and PCOy changes in the Amphiuma lung would



Figure 5 Alveolar "P0p-PCO, diagram'" for six Amphiuma
-The diagram illustrates the relationship be-

tween alveolar PO and PCO3.
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‘essentially be equal to zero during_the majority of
the breathing interval.

It was found that there was an inverse rela-
tionship between the alveolar PO, and PNy such that if
théré was no increase in the alveolar PCOp over a period
of time, the decrease in PO would result in a similar
increase in PNj.

| ' Total lung volume in all animals was a.function
of the weight of the animal (Fig. 6). Lung volume in any
animal was determined by successive filling and removél of
air through the indwelling cannula with a calibrated
syringe. The accuracy of this method was confirmed by
several autopsies performed in which the lungs were re-
moved and the volume measured. It Waé not possible to damage
- the lung in an animal by‘injectibns of air, in that,
as soon as thevlungs'were full, the animal would open the
- spiracles oﬁ thé antero-lateral part of the body and
release excéss air. | o

N Tidal volume was estimated using an indirect
method. Knowing that the mean alveolar PO2 prior to a
breath is 44 mm Hg and immediatély?after a breath is 101
mm Hg, and that the PO, of the inspired air is about
160 mm Hg (dependent upon the atmoépheric pressure of the

day), the tidal volume, based on a principle of



Figure 6 The relationship between lung volume and body

- weight in Amphiuma.
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gas dilution, wohld be about 72% of total lung volume.A -

' B. BLOOD GAS CONCENTRATIONS

1. Dorsal Aorta

Figure 7 illustrates the changes which occufréd
'in the lung and dorsal aorta in one animai during four_
breathing cycles. As ﬁhe oxygen tensions in the lung féll,
'_thevPOZ lpveis in the dorsal abrta also fell. The rapid
'rlse in the 1ung oxygen tensions 1mmed1ately after a breéth
resulted :n an almost 31multaneous rlse 1n the dorsal aorta‘
P02;_Thé gradient established between the dorsal aorta and
:lung'okygeh tensions was relatively constaht Within any
,animal and did not change markedly before, during or after
a breath once thé‘gradient had been established (Fig.8).

Dorsal aorta PCO, levels were always 1-10 mm Hg
'lowér than lung PCO2 levels. This phenomenon was obéefved
in all experiments in which the lung and dorsal aorta PCO,
was.ﬁonitored. A - ‘

.2; Pulmonary Vein

Because of the difficulty of pulmonary vein
Canhulafidn, the number of determinations of gas tensions:
in blood from this vessel was 1i@ited. Nevertheless, in
all experiménté the pulmonéry véin POy levels were very

close to those found in the lung (Figure 9 is an
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Figur,e"7 POy and PCO, changes which occurred in the
lungs and dorsal aorta inv one animal during
four bre'athing .cycles; Vertical arrows at

,‘ the top of the diagram indicate breathing

times.
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Figure 8 PO gradient between the dorsal aorta orv
systemic‘arch and the luag. _
' The % time submerged on the abséiésa of the
graph equates all breathing intervals, i.e.
- 100% = interval between breaths ,
- Means are given t S.E. for each 20% of the
interval. Each mean represénté not fewer than

10 gradient measurements,
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Changes which occurred in the pulmonary vein
and'lung-POZ and PCOy levels in one aﬁimalb'_
during five breathing cycles;.Vertical arrows’
at ’the“ top of thé diagram indicate breathing -

times.
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ekample of five breathing cycles in one animal). Immed-
iately after a breath the POy gradient between the lung
and pulmonary vein was very small but increased as the
animal renalned-submerged (Fig. 10). Pulmonary vein
PCOy levels were, in almost eVery sample (one exception
at 73 minutes, Fig. 9), lowér than PCOj in the'lungs.
3. Pulmonary Artery |
| PO, levels in the pulmonary artery are highest -
immediate]y‘aftér a‘breafﬁ and drop to the lowest levels
just before a breath (Fig. 11). POy gradients (the term
,gradiént in this instance is essentially a POy difference
bétween two vessels) between the dorsal aorta‘and pulmon-
ary artery were-fouhd in all experiments where these two
vessels were cannulated®. The‘blood.in'the systemic cir-
cuit (systemic arch or dorsal aorta) is.alWays more
~ highly oxygenated than the biood flowing tp>the 1ungs
via the_pulmonary artéry. Figure 12 illustrates the PO»
' differences between fhese two circuits in eight different
Amphiuma. The gradient, immediately after a breath, de-
‘creased ac the length 6f'submerged time increased. The
PO, gradient was initially as large as 25-30 mm Hg and
fell to 1-5 mm Hg (Fig. 12). | |
* 'Ffom the point of'view of biood gas tensioné, no
. distinction was made between the dorsal aorta, systemic

arch or ascending aorta and the terms will be’ used
lnterchangeably _

30



"Figure 10 POZ gradient between the pulmonary vein and
_1ﬁng‘in Amphiuma. Gfadient measurements were
‘made at each point a P02 determination waé‘
made in either the lung or pulmonafy vein.

The % time»submerged on the abscissa_of'the
graph equates all bréathing intervals in all
animals, i.e. 100% = interval'betWéen breaths.

The line was fitted to the data by eye.
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Figure'll PO, and PCO, changes which occurred in the

pulmonary artery, systemic arch and 1uhg'.

in one animal during a complete breathing

cycle. Vertical arrows at the top of the

diagram indicate breathing times.
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Figure 12 POy gradient between the pulmonary'artery
and systemic arch in eight Amphiuma.

Graphic presentation is the same as in Fig. 10.
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Using an oxygen dissociation'curve for AmEhiuma

tridactylum, derived from data of Lenfant and Johansen

(1967) and Scott'(l93l), the POy tensions in thevsystemi¢
afch and pulmonary artery shown in Figufe 11 weré conv-
erted to 7 saturation (Fig.,iB). This was doﬁe té des-
cribe the pulmonary artery-systemic arch gradient in
" terms of oxygen content as well as partial presSure dif-
ferences. After a breath the gradiént in this case
(Fig. 13) was_about 25% and fell in 50 minutes to 10%
saturation differenée.»

| There>was no visible PCOQ gradientvbetween the
pulmonary artery and systémic arch in any experiment. The
mean systemic arch or dorsal aorta PCO» of ten Amphiuma
was 11.9 mm Hg and from the same animals the mean pulmon-
ary artery PCO2 was 12.2 mm Hg. |

- 4, Post Caval Vein
From éimultaneous cannulations‘éf the dorsal

aorta and the post caval vein it was possible to determine
_the PO, difference between these two vessels through sev-
eral breathing cycles.vThe composite of this data is shown
in Figure 14. Immediately after a breath the PO, difference
| is quite 1arge (17-30 mm Hg), affer which the gradient
decreases as the length of time the animal remains under

the water increases (1-10 mm Hg:immediately before



Figure 13 POy levels in the systemic arch and pulmonary
.artery from Figure 12 ccnverted to percent

‘saturation.
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'Figure 14 POy and PCOp gradient between the post caval
» .vein and dorsal aorta in five Amphiuma.

Graphic presentétion is the same as in Fig} 10.
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breathing). Oxygen tensions in the postvcavai veln are
always lower than those recorded in the dorsél abrta.

| Mean PC02 levels in the post_cavai vein of.
five éggbiggg (46 samples) was 12.6 mm Hg. In the
same animals; the dorsal aorta PCO2 tensions had a
mean of 11.6 mm Hg (individuél samples from the two
 vessels were taken within ten minutes of each othér).

5. Standard Animal
It wés imposéible to obtéin blood from all
major vessels and lung gas measurements simultaneously.
- It was hcwever possible-tovconstruct a generalized out-
line of the probable’oxygen tensions in the major vessels
- during a breathing cycle. Knowing the pulmonary Qein-
lung gradient, the dorsal aorta-luﬁg grédient, the pul-
- monary artery-systémic arch gradient and the post caval
vein-dorsal aortéAgradient, as weil as knowing the mean
oxygen tensions in the lungs and vessels imﬁediately
béfbré ard after a breath, it waé possiblé'to combine
. this information to fdrm'a representative or '"standard
animal”v(Fig. 15).
PO, fell most rapidly_between.breaths in the

pulmonary vein (Fig. 15) and leést rapidly in the pul—

monary artery and post caval Vein_(which fall at the



1"

Figure 15 "The Standard Amphiuma". A reconstruction
: - of the probable PO, fluctuations.iﬁ:the lungs
éhd.major blood vessels during three breathing
.cycles. EstimaEQS'obtained from avéilable

gradient data and—méan blood and lung measure-

ments.
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same rate). Rapid rises in POy occurred in the blood

and lungs immediately after a breath.

C. OXYGEN CONSUMPTION IN AMPHIUMA IRIDACTYLUM

Oxygen consumption was measured in Amphiuma

by two methods described earlier. Table II shows the

mean consumption for fifteen animals used.

Table II. Oxygen consumption measured in fifteen

Amphiuma at 15 and 25°C.

Method Number of Temp®C Mean oxygen Time meas-
animals - consumption ured per

. - ul/egm/hr animal
~Volume
change 10 15 6.67%0.14 (S.E) 3 hours
Modified ‘ :
Scholander 5 _ 15 6.89%0.039 (S.E.) 22-28 hours
Velume _ v
‘Change 10 - 25

(Samz animals as
at 15°C)

19.0%0.23 (S.E.) 3 hours

Using two respirometry techniques, the mean

| oxygen consumption differed very little. The rate at

- which oxygen was consumed over a one hour period was not

' fegular. Figure 16 illustrates the mean oxygen consump-

tion for ten animals for a period of one hour measured- -

at five minute intervals. Each experiment was repeated
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Figure 16 Rates of oxygen éonsumption at 15°C in ten
AmEhiuma-measured by a volume change technique.

Means are given for each five minute interval.
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three times on each animal. The most rapid oxygen consump; :
tion occurred within the first fiftéen‘minutes.of_sub-
mergence; compared tb this, consun@tiqn within‘the 1as£
forty-five minutes is very slow..Oxygen consumption in
Amphiuma measured at 25°C inéreased‘to 19.0 ul/gm/hr, al-

most a threefold increase from the consumption at 15°C.



a2

DISCUSSION

Amphiuma tridactylum breathes about once every -

hour almost completely replacing all air within the

lung at each breath. Before taking a breath, the ahimal
will raise its snout slightly above the surface of the
water and will remove most of the residual air from fhe
lungs by lowering the floor of the mouth with the exter-
nal nares closed. The floor of the mouth is‘then.raised.'
and the external naresfopened aﬁd the:air4in the mouth is
expelled into the aif above the watér surface. This type: 
of breathing movement'is characteristic of amphibiaﬁs
which utiiize pulmonary respiraﬁicn as a ﬁethod of'gés
ekchange. Under normal circumstances all of the expiréd
air is removed above the water surface such that bubbling
does not occur in the'water. v |

Lung volume in Amphiuma is related to the size

of the individual animal and_répresents abodf_6-7% of the
total volume of the animal. For comparison, the tofal_
lung volﬁme of man represents 7-8% of the body vdlume
‘(Lambertsen, 1961). An Amphiuma weighing 500-700 gm
would have, on average, a lung volumé between 30-40 ml
(Fig. 6). . | |
'The removal of air from the lungs is ﬁot com-

plete because oxygen tensions do not approach atmospheric.



air tensions. In fact, tidal yolume would appear to

be about 72% in Amphiuma. This is much higher than

iniﬁan (tidal volume of about 12% at rest) but the ra—;

t ther infrequent method of breathing would necessitate an |
_ almost complete change of air w1th1n the lungs

| | The amount of alrbtaken into the lungs is re-

-1ated to the length of time the animal remained at the

, serfaee the amount of air previously removed from the
‘lungs anc the levels to Wthh the arterial levels dropped
during the tlme‘submerged. Quant;zlcatlon of the results -
-wereunotIPOSSible but it did appear, from observations,

:.thet the lower the arterial POy levels were, the longer
thevanimal remained et the surface breathing and the more

"gulps" of air swallowed . | |
| .‘ Most air samples were taken ffqm the posterior

- portion cf the lung. Initially, after a breath, POy levels
in the lung did not change rapidly even thoﬁgh the animal -

- wastconstming oxygen at a high raite compared with that
occurring towards the end of a breathing cycle. POy

_levels in~posterier portiohs of the lung may Heve.been
ﬁaintained by mixing air of a higher POy, from the more
anterioftportiens of the 1ung,’Qith that in the posteriqf, |
portions-of the lung. This mixing could have been aided

by contractions of the lung and movements of the animal.




In support of this statemeht, Czopek (1962) has shownrin_-

Amphiuma means, a closely related species to A. tridactylum,

that there are a great number of smooth-muscle cells in
vthe pulmonary walls and ridges and suggests that ''the lungq
are able to contract and thereby promote aeratlon '

h The oxygen and carbon dioxide concentrations
in'rhe lung in Amphiuma are such that gas exchange is
difficult to analyze usrng the 02-C02 diagram. Hughes
(1966) suggests-that oxygen and carbon dioxide in the

lung of Rana cétesbiaﬁe when plotted on an 02-002 dia-

gram, would fall on the R=0.4 line. In Ehluma the flrst
:one or two lung samples after a breath may fall on the
R=0.4-0.5 line but as the animal remains submerged the

R line essentialiy becomes zero and the usefulness of the
_V02—C02 diagram in describing gas exchange in‘this amphib-
~ ian becomes limited. It is quite-possible that if Hughes
»had>60ntinued the study to show the gas concentrations

in the lung after the aniﬁal had been submerged for a
longer period of time (characteristic of the species
(Noble 1931)), the R line might have decreased consider-
ably such as that found in AmEhl uma . R

Oxygen consumption in Amphiuma tridactylum

is the lowest recorded of any amphibian measured at a -

comparable temperature. (Brown, 1964; Jones, 1967).




The rate of oxygen uptake of a submerged animal betﬁeeh o
breaths decreases rapidly after the large initial con- |

- sumption within thevfirst 5-10 mirwuutes after a breath of
2-3.5 ul/gm body weight. The rate of decrease in oxygen

- consumption is similar to the drop in alveoler-POZ be-
tween breaths. In the volume change experiments on oxygenh
éoﬁsumption the water PO, was monitored continuouely
 throughout the three hour experlmental perlod The P02 drop
in the water over thlS perlod was never more than 1-2 mm
Hg. This drop in PO2 would account for no more than a 0.2-'
',‘Q.A'ml loss in oxygen in the whole system. It is clear
from this evidence that the animals rely very little on
oxygeh in the water to supply'or supplement metabolic de-
mands. Since oxygen consomption measurements using the
two-techniques_were almost identical, it appears that a
 volume change in AmEhiuﬁa while submerged is indicative

of the'amount of oxygen being oonsumed, and all oxygen is
taken up via the lungs. By the same reasoning, if the two
ﬁethode giveisimilar results, nitrogen must not leave the
lung as the animal consumes oxygen. If nitrogen, whichv
’built»ﬁp in the lung, was removed into the blood and water,;
there should heve_been'a much 1arger volume change than
wes actually measured.

The lack of increase in lung PC02.between




: “
breaths 1is interesfing when one considers the Qolume o
changes which must occur in the 1ung asvoxygen'diffuses
into the blood. As air enters the lung during a breath
the lung FCOy is slightly di1uted>but returns to normal
within 4-6 minutes. The resulfant-inérease'in 1gng PCOy
after a breath must result from carrbon dioxide eﬁterihg
~ the lung from the blood. If this iﬁitial amount of carbon
dioxide were to remaih in the lung, the lung PCOy should‘-
increase by 2-4>mm Hg siﬁply as a rresult of the concentrat-
ing effect'bf'oxygen'leaving the lung. This however was
not'obéerved and the conclusion can be made that carbon
dioxide which entered the lung from the blood immediétely
~after a breath,.must in part return to'the blood between
'bfeaths. The‘resﬁlt of thié.phenomenon then is to have
lung PCO»p cdnéentrationsvhigher than PCO2 1eVeis in any
of the.méjor blood vessels. Once the PCO2_gradient is
established between the blood and the lungs, mno more
carbon dioxide enters the lungs unless blood PCOZ lévels
increase Sharply. B | |
The oxygen gradient betweeh>air and blood across
the lung wall is initially small but increases’with time'
.betwegn'breaths. The calculated Qoiume of dxygen'leaﬁing
thé lung decreaées with time after a breath. The transfer

. . X e ’
factor of the lung (V02/aP02) is therefore falling



, 47
during'the intetval between breaths. The'change ih
transfer factot could be rélated to many factbrs includ-
ing the volume and pattern of blood flow to the»lunga,
and the distribution ot air within the iungs. A change in
transfer faqtor indicates that one or more of these para—
meters is altered and is affecting gas transfer rates
across the lung.

The high POy levels in the ﬁulmonary vein
immediateLy after a breath would iddicate, for a short
perlod of time at least the blood leav1ng the lung is
- fully saturated w1th oxygen U51ng an oxygen dlssoc1at10n'

curve for Amphiuma tridactylum blood constructed by

Lenfant and Johansen (1967), 100% saturation occurs at
PO2 levels above 90 . Hg. PO, in the pdlmonary vein
-often exceeded thié level just after a breath; indicating
that during this period, blood leaving_the lungs was
fully saturated with oxygen. | - |
‘Somewhat more interesting is the PO, gradient
~established between the pulmdnary artery and the system-
ic arch. The proBlem of Whether.the single ventricle of
an amphibian can maintain a diviaed stream of oxygenated
and deoxygénated blood and somehow diréétvthe deoxygeﬁ—
ated blood to the lungs and the bxygenated'bIOOd to the,

systemic circulation has been a topic of discussion and
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-experimentation since the mid-l9fh.century.'The exper;
iments in this study show that there is a definite.oxj;
- genjgradient between these two circuits over a long per-
lliod of time, even ddring long intervals between breaths.

‘DeLéng (1962), Johansen (1963) and Johansen and Ditadi

.(1966) have all made measurements of oxygen and carbon

dioxide contents in the two vessels but did not obtain
Nséfial samples over a 1dng period of time. In the three
published works'just meﬁtioned, oxygen content gradients

were found to exist between the body and lung cirduit

in Rana pipiens (DeLong, 1962), Bufo paracnemis (Johansen

:éhd_Ditadi,'l966) and Amphiuma tridactylum (Johénsen, 1963).

In this inVestigation it was shown that the
'grédrent between the pulmbnafy arch and the systemic arcﬁ-
‘is pfesen: throughout the breathing cycle. The gradient
,decreases'as the animal remains submerged; but does not
disappear completeiy. The gradient is definétely greatér
:immédiately after the animal has taken a breath (20-25
mm Hg) and this is probably because the pulmonary vein
(oxygenated blood) and the venous return (primarily post
- céval vein, deoXygenated blood) gradient is greatest at
this timé.'AltHough actual PO,y gfadients were not meas-
‘v ured between the pulmonary vein and the post caval vein

it can be seen from the reconstruction of the standard:




aniﬁal»(Fig. 15) that the P02fgradient between the.veséélé
beédmes smailer as the length of time submerged increases.
This in turn appears to resﬁlt froﬁ the increase in the.
 lung-pulmonary vein gradient as the time after breathing
increases. Therefore, the decrease in the.pulmonary artéry?
systemic arch gradient between breaths is a function éf the
deéfease in fhe pulmonary vein-post caval vein (venous re-
’turn).gradient and probably not a 1bss in the separationil
capabilities of the heéft and asscciated vessels. o
It is imporfant to point out that oxygen tensions
 in”the'pulmonary artery and systemic arches afe usually
Below 70 mm Hg. The changes in blood POy will cause marked
changes in percent saturation'as it is in this portion of
- the Amphiuma dissociatioﬁ curve that changes in POy result
~in large changes in percent saturation (Compare'Figs. 11
‘and 13). | |
.~ ‘As has been described'eafiier (see.Generél
' Matérials and Methods), continuous measurements in the
venous return (in this case the post caval vein) are
difficﬁlt'in that cannulation procedures are much more |
complex, Nevertheless, sufficient data was obtained N
to ascertain the levels of P02.in the venous return in .

relation to the levels in the dorsal aorta. The post




caval vein-dorsal aorta POj gradieﬁt was between 20-30
mm Hg immediately following a breath and decreased to.
, between 5-10 mm Hg immediately before a breath. Rather
than reflecting an increase in tissue utilization of
, oxygen, this decrease in gradient simply reflects the -
decrease in total oxygen eﬁterihg the circulation as.the
1uﬁg PO, drops, i.e., dorsal aorta level falls, VO, falls
between breaths. | o
| ALl of the fluctuations in blood PO, levels in
all. the major vessels'eccurred in free-moving AmEhiuma
‘withnaceess to the surface. The fluctuations are definate-
| iy related.to the intermittent type of breathiﬁg which
this animal exhibits. Lenfant. and Johansen (1967) suggest,
on data collected from six Amphiuna, that normal arteriai
,'PCZtlevels.vary from 72—100 mm- Hg (9 samplee)‘and do not
mention individual variation within one animal between
'breaths. 1f their animals were "prevented_ffom surfacing"
- for 43 minutes, they found that arterial PO, dropped somee‘
what, although it is impossible to ascertain from their
data the effect of submersion on rhe individual animal. The
»1mp11cat10n is made by them that fluctuations in arterlal
-_POZ are not normal in Amphiuma. Thls is in total dlsagree-
ment w1th the present study.

Lenfant and Johansen (1967) have also shown
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that if Anphiuma were prevented from surfacing for,peribds"‘

of 43 minutes the PCOy in arterial blood rose. In all of

- the experiments in the present study, where arterial or

‘venous PCOj levels were monitored, there was no indicat-
-ion that submergence resulted in an increase in blood |
PCO,y levels. Albeit, Lenfant and Johansen;s experimenﬁé
 were performed at 20°C (5°C higher than the present
-sfudy), but it is doubtful that this increase in exper-
imental tempereture would result ia this difference in
reepense o submergence | | .

4 _ Because PCOy levels do not increase in either
the 1ungs (with the exception of the sllght lung PCOj
rise shortly after a breath)‘or the blood between breaths,
we can conclude that carben dioxide produced by metabol-
»ism'is rermoved via the skin into the surrounding water.
This concept is not new and has Been shown as early as
1904 by Kirogh (on anuran amphlblans) |

' Carbon dioxide transfer from the blood to water
‘will_depend dpon the dimensioﬁs of the exchange surface,
i.e., fhe'surface area of the skin,-the vdlume-and pattern'
of bloed_flow through the skin, and the concentration
gradieﬁts'between the blood and the watef. There is a
much lafger PCO, gradient existing between the blood

~and the water than between the blood and the lungs. Carbon
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.dioxide will enter the.lung until the gradieﬁtris smali 
enough to effectively eliminate.further passagé of carbpn '
dioxide into the lungs, whereas the amount of carbon
dioxide waich caﬁ pass into the Qater is large because
of the hizh solubility of the gas iﬁ water as Well as the

fact that the volume of water surrounding an animal is

- very large.

The presence of carbonic anhydrase'in Blood
increases the rate of formationlof free carbon dioxide
from bicarbonate and.will help tb maintain high carbon
didxide levels in the blood as carbon dioxide diffuses
into the water. Carbonic anhydrése levels have not‘béen
measured in Amphiuma, but it is known that this enzyme

is absent in the skin of Rana climatans and Rana Cates-

higgg (Maren, 1967). Hence, in the'présence.of'low or non-
existant levels of this enzyme, the rate of formation of
 carbon dioxide from bicarbonate may limit the rate of
‘carbon diokide transfer to the water across thé skin.,

The Haldane effect is small in Amphiumé‘(Len—
fant and Johansen, 1967) and therefore is not very import-
ant in augmenting the removal of carbon-dioxide from the

. blood into the lungs. Figure 17 illustrates thevprobable

-mode of gas exchange in Amphiuma tridactylum. The bucco-

pharyngezl mucosa of this species was not considered to



Figure 17 The probable mode of gas exchange in

Amphiuma tridactylum.
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be a significant respiratory exchange surface primarily

because of its small size in comparison to the total

"~ body size and secondly, Czopek (1962)>f0und'that in a

closely related species, Amphiuma means, vascular supply

to the mouth region was poorly_deVeloped.
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PART II ~ RESPIRATORY CONTROL IN AMPHIUMA TRIDACTYLUM

INTRODUCTION

Work in the field of amphibian respiratory
control has not beeh extensiye. Neil ana Zotterman
(1950) and de Marneffe-Foulon (1962) investigated the
mneurophysiological basis of some respiratory reflexes
in the frog. Jones and Shelton (1954) and Jones (1966)
were particularly ihterested in factors affecting the
recovery irom diving bfadycardia aiid how submergence
influenced heart rate in the frog. Jones (1966), work-

ing on a variety of frogs (Bufo buEb, Rana pipiens and

Rana temporaria), allowed them to surface into different

concentrazions of oxygen, carbon dioxide and nitfogen,
and suggested ''that the frog is sensitive to oxygen lack
‘both during development of bradycardié and.prolonged re-
covery from it'". Although Jones has shown that diving
bradycardia and recovery from diviag bradycardia are
more sensitive to oxygen lack than to the presence of
~carbon dioxide, the question of what were the stimuli
(or stimulus) involved ih the control of breathing re-
" mained undnswered. _

| | ATaglietti and Casella (1966) have presented 
neurbphysiological evidence demonstrating that stretch

receptors in frog's lungs are involved in the termination
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: 6fvthe.1ung filling process. More recehtly (1968)fthey
have also produced evidence for the presence of deflat-
ion'receptofs in frogs' lungs. It is possible, from this
evidence at least, that the stimulus fof inflation and

the termination of inflation.could be related to‘the
voiumé of air which the frog has in its lungs.

Since Amphiuma tridactylum remains submerged

for extended periods of time (about 54 minutes at 15°C),>
it was convenient to design experiments in which not oﬁly-
gas tensions in the blood and lungs were monitored but
-also to inject varied concentrations of oxygen, nitrogen
and carbon dioxide into the lungs and to observe the
bréathing responses of the animal. Experiments designed

to determine the animal's ébility to detect volume changes.

'in the lungs were also carried out.
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MATERIALS AND METHODS

Twenty-two Amphiuma tridactylum were used

for experimentation in this section. Additional infor-
nation was obtained from 17 animals used in Part I of-
this thesis.

Experiments to determine the animals fesponse
to varied gas concentrations were of four tyﬁes; i, the
‘oxygen tension in the lungs was lowered by injecting
quantitiesvof‘nitrogen iﬁto the lungs; ii, the carbon
dioxidg tenéion in.the’lungs was raised by injecting
_quantitiesvof carbon aioxide into the lungs; iii, the
carbon dioxide tension in the surrounding water Was
raised and the éorresponding effects on blood and lung
carbon dioxide observed, and iv, thé-oxygen tension in
the lungs was faiséd by injecting pure oxygen into the
lungs. Gases weré injected into the lungs through a
cannula (P.E. 50) inserted into the lungs as ‘previously
described.

Termination of inspiration.experiments were
performed by either,injeéting nitrogen into the lung
as the animal was attempting to surface or to remove
| éir from the lungs as the animal‘was breathing. The
breathing fespoﬁse was recorded after the.nitrogen in;

jection and the amount of air '"swallowed' was measured



.58 .

if air was mechanically being remcved from thé;lung dur;
ing inspiration. | |
Lung gas concentrations were'meaSured on a
Varian Aerogfaph Gas Chromatograpt:. Water_and blood ?02
and PCO, were determined using a‘Radiometer Acid-Base
Analyzer. Standardized gas mixtures used for lung inject-
ions were obtained from The Matheson Company of Canada
and the Canadian Liquid.Air Company. Prior to injection:
of gas mixtureé into thé iung, the gases were saturated
with_wéter. All experiments were performed on animals
freely moving in a-twénty litre glass aquarium contain-
ing ten litres of water. The water temperature in éil_ex-ﬁ

periments was maintained at 15°C%0.5°C.

| RESULTS
A. BREATHING RATES

In all experiments in which blood and lung
oxygen and carbon dioxide tensions were measuféd, disj
‘turbances to the normal breathing cyCleb(i.e. movement
of tank, loud low frequency noises,vor rapid movements
above the water surface) were minimal. In these exper-
‘iments the mean interval between breaths was 55t3 mih-_
utes, the range from 26 to 120 minutes.

An extension of the time between breaths could
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be accbmplished by injecting atmospheric air into the lungs.

Table III illustrates experiments on four different animals.

Table III. Extension df the time between breaths by

injecting atmospheric air into the lungs.

Animal No. Freq. of air Time under Time from last
injection water ~ injection to
breath
1 20 m1/20-25 min 356 min 56 min
2 20 m1/20-40 min 303 min 41 min
3 20 m1/20 min 247 min 52 min
4 20 m1/20-24 min 345 min 62 min

In animals 1, 3 and 4 there Wére no appafent éigns of
agitation or attempts to surface until injections had
been stopped. In animal 2 the time between injections
was varied from 20-40 minutes and occaSioﬁally after
35-40 minutes had elapsed the animal moved around the
bottom ofbthe tank as though it was about to breathe.

- When these movements occufred, air was injected into

~ the lungs and the aﬁimal characteristicaily coiled it-

- self on the bottom of.the tank and remained Submefged;
If the volume of continuous air injéctions_exceeded thev

total lung volume, the animal removed the excess air as
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bubbles through the spiracular openings while submerged.i

An extension of the time between breaths could
also be accomplished by injecting'pure oxygen into the lungs.-
Twenty ml of pure oxygen pér anima: was injected into the
lungs of five Amphiuma. The mean time between breaths in
these animals was increased to 135i6'minutes, the totél
- range extending from 108-170 minutes. o |

B. TERMINATION OF INSPIRATION

In a free;moVing’AmEhium%, ihspiratidn is térm—'“'v
inated after 3-5 1afge "gulps' of air have been swallbwed;”_'
After this period the animal will submerge.and retﬁrh‘to'
the bottom of the tank. It was fbund that if all the air én-\
tefing the lungs while breathing was simultaneously rémoved,
with a.syringe through the lung cammula, the "animal would
continueAbreathing fér‘an extended period of time, Table IV_"
illustrates five such experiments performed where the actuai
amounts of air removed from the.luug was meaéﬁred before in-

spiration was terminated.

Table IV. Air removal from the lungs during inspiration.

Animal No. Normal Lung Volume Volume removed before
' : termination of inspir-
' © ' ation
1 40 ml o 78 ml
-2 47 ml 70 ml
3 34 ml : 76 ml
4 37 ml - 106 ml
5

45 ml : 95 ml




The alternate experiment was performedfpn sever-
al other Amphiuma. As an animal raised its meck and snout
towards the water surface to breathe,-pure_nitrogen was in-
jected into the lungs before the animal reached the surface.
It was found that after an injection of nitrogen, the anim-
alldid not breathe, but returned to the bottom of the tank
féf a short period of'fime and thea resurfaced to breéthe.“
Table V shows the amount of nitrogen injected as four anim- -
als surfaced and the~timé elapsed until they resurfaced té
breathe. if more than one experiment was pérformed on onei
Table V. Injection of nitrogen into the lungs of Aﬁghiumé

. which were about to surface to breathe.

Animal No. Amount of Ny injected as Time until
: ‘animal was surfacing breath
T 20 ml ) 5 min
' 40 ml ' ; ‘11 min
50 ml © 9 min
| 60 ml ‘5 min
2 40 ml 5% min
’ 20 ml 2% min
3 | 40 ml 6 min
4 ‘ 40 ml 5 min

-animal, at least two hours were allowed between injections
of nitrogen. Any experiment in which the animals snout

‘actually came above the water surface before or. during



the injection of nitrogen was disregarded in that oxygeﬁ
may have entered théAlung.> |

C. BREATHING ONSET AND ITS RELATION TO BODY PCOp LEVELS

Figure 18 represents a series of experiments
in which carbon dioxide/air mixtures were injectéd into
the lungs of four animals and the rate'of removal.of
- these gases from the lungs monitored until.the timé of
breathing. The removal of carbon dioxide from the lung,
which was preseﬁt initially in cbncentfations 3-5 times
that of normal levels, was slightly faster than that of
oxygeﬁ..lt was assumed that, since the animals were uﬁder/v
water, the carBon dioxide was being removed from thé 1ung;
into the blood and then into tﬁe surrounding water. Iﬁ
all cases the luﬁg PCOy levels (Fig. 18) had returned to
-a base level (15-25 mm'Hg) 30-70 minutes before the animal
breathed.

Various concentrationé ofl carbon diﬁxide in
air were iﬂjected into the lungs. Affer injection, the_
time to ‘onset of breathing was noted?;and'in'sevefal in-
stances the concentration of gases in the lung, as.near
to the time of breathing as possible,:were alsb measured.
In these expefiments a minimum of three hours was a1lowed

between injections if the same animal was being used.
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Figure‘18 The removal of high concentrations of carbon
diOxideiand normal levels of dxygen from the

1ungs of four Amphiuma.

Breathing times:are_marked with vertical ar-

rows and the abbreviation 'br.".
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Tabie VI illustrates the results obtained. The breathing
times after injection of 10% carbon dioxide in air were
quite variable, ranging from 1 minute to 83 ﬁinutes with
a mean of 43.1%Y7.4 minutes. After injections of 15% |
carbon dioxide in air, the résponse was less variable,
thé time unﬁil breathing ranged from 41 to 72 minutes
with a mean value of 51.8%4.1 minutes. After injection
of 20% carcbon dioxide in air, the mean breathing time
dropped to,20.6.minute§. The number of experiments done
in which more than 20% carbon dioxide was injected were
~fewef iﬁ aumber and it can only be said that injections
of high concentrations of carbon dioxide in the:lungs
(over 20% COy) resulted in the animal coming to the
- surface to breathe within a short time (less than'29
‘minutes). | | |

It was impossiblé to ascribe any relaﬁionship
between tne onset of;breathing and the blbod'PCOZ levels.
Figure 19 illustrates the results from four animals in
_which the systemic arch PCO, levels were followed through
| éeveral breathing cyclés. It cannot even be said that
breathing occurred as the blood PCOs rose, for in fact
breathing»éometimes océurred as'éhe‘bldod_PCOZIfellj‘

If the blood PCO, levels in an animal were

artificially’raiSed by increasing the PCO2 in the
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Table VI. Carbon dioxide injections into the'lungs of Amghiuma;

Time since Lung POp  Lung PCOp  Type of ' Time after

last breaih prior to  prior to injection injection until
injection injection _ next breath
1l min e-memee- ememee- 60 ml 10% CO2 63 min -
40 min 27.5 (13)* 20.4 (13) 60 ml 10% COp 15 min-
41 min 28.0 (13) 14.0 (13) 60 ml 10% COy 1 min 
52 min S JE— 60 ml 10% COp 43 min
4 min . 53.6 (9)”420 6 (9) 20 ml 10% CO, 30 ﬁin
5min - 92.7 (47) 22.8 (47) 40 ml 10% CO; 83 min
10 min 25.8 (1) 21.4 (1) 20ml 10% COp 43 min
4min  146.6 (3) 42.7 (3) 60 ml 10% CO2 6 min
8 min -?jF-*- : ”‘?*;" 50 ml1 10% CO2 #1 min
7 min 33.6 (6) 17.4 (6) 70 ml 10% CO, 85 min
10 min  30.6 (5) 19.7 (5) 80 ml 10%COp 62 min
5 min ——————— —m——— - 20 ml 10% CO, 61 min
3 min  =meem==  ==--=== 30 ml 10% COp 46 min
15 min = sme;ee= emme- - 60 ml 10% 002_7' 64 min
64 min 31.1 (4) 23.9 (4) 60 ml 15% Cop 72 min
AR T —— [— 15 ml 15% COp 45 min
57 min = memmmmm mem—ee- . 30ml 15% COp 41 min
3 min .-— ----- e - 30 ﬁl.lS% CO2 48 min
4 min —m-mmm= mm--me- 100 ml 15% COp 55 min
§ min - 33.7 (4) 21.9 (4) 30 ml 15%CO, 50 min

% Bracketed numbers indicate the time (minutes) that had
elapsed between the injection of CO2 and the lung meas-
urements, ' . : 4 .



66
Table VI. (Continued) |

Time since Lung PO, Lung PCO, Type of Time after

last breath prior to prior to injection injection until
injection injection - next breath
59 min = -=e---- - - 60 ml 20% CO» 20 min
40 min =~ ~m----- JEESEEE 60 ml 20% COp 17 min
3 min = emee——— B datals 60 ml 20% COyp 25 min h
T S —— 10 ml 30% COp  1min
51 min  -m-e-ee S— 10 ml 40% COz 29 min_
40 min = mm----- R — 10 ml 50% COp 3 min
23 min 65.0 (9) 16.0 (9) 10 ml pure CO; 6 min
30 min e Lt LT 10 ml pure CO2 Z:miﬁ
57 min R ——————— 20 ml pure COp 3 min
3 min mmmmmmml mmmmeee | 20 ml pure C02 5 min
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Figure'l9l Artérial PCOy levels through several breathing, -,1'.
cycles in Amphiuma. " : 3
Vertical arrows extendiag above the graphedr

line for a particular aaimal, indicate the

time of breath.
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surroundlng water, it can be seen (Fig. 20) that as the'

PC02 of the water rose to and remained at 80 mm Hg, the

_i- dorsal aorta PCO9 rose to a level between 40-45 mm Hg.

‘When the water was replaced (low PCO2) the dorsal aorta
‘PCOy fell. PO, fluctuations in the dorsal aorta did not
appear to be affected by thé incfease in dorsal aorta PCO2
" levels (Fig. 20). A similar experiment was performed oﬁ
-anbthér animal énd itvwés found that aithough the dorsal
aorta PCOx,rose to 40 mﬁ'Hg.the animal did not breatheA
until the_oxygen,teﬁsidn in the dorsal aorta'droppéd to be-.
_tween 30-40 mm Hg (followed through three breathing cyéles
.varylng in length from 42-61 minutes). | '

D. BREATHING ONSET AND ITS RELATION TO BODY PO» LEVELS

Removal of oxygen from the lungs was accompllshed by
,fluShing large amounts of nitrogen through the lungs via
"the lung cannulae. In Table VII,‘eighteen,experiments'per—
fofméd'on five animals are shown to illustrate the effect
- of oxygen removal from the lung on breathing rate in
Amphiuma. Since only pure nitrogen was being injected

into the animal, it was important to consider the time
spent submerged before the nitrogen injection was made.
If thebtime elapsed between the>previous breath and the
injection time was not considered, the meah time to

: bréathing was 9.0%1.22 minutes. If injections were made




Figure 20 Artificial increase in
corresponding increase
- Vertical arrows at the

indicate the breathing
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tank water PCOy and the
in dorsal_aorta PCO5.
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- Table VII. Nitrogen injections into the lungs of Amphiumé.

Time.since Lung PO, Lung PCOy Type of Time after

last breath prior to prior to injection injection unzil
- injection -injection next breath

1 min 7.7 (3)¥ 10.2 (3) 40mlN, 11 min
2 min mmemee emiceee 100 ml N, 8 min
3 min ceesee -mceees 100 ml N, 12 min

4 miﬁ e R L P 40 ml N, 4 min 

BRI S 100 ml N, 8 min
5min -’---.--- BEETEETE . 60ml N, 21 min
6 min  mmmmmee mmmeee- 40 ml Ny 5.5 min
12 min eemmeme meee --- 60 ml Ny 3 min
13min 7.8 (5) 8.9 (5) 140 ml N» 16 min
14 min S -45-;-— 50 ml Ny 7 min‘
2 min 3.8 (1) 4.9 (1) 100 ml Ny . 'S‘min
15 min 13.0 (10) 16.0 (10) 60mi N, 17 min
15 min 8.1 (1) 6.6 (1) 80ml Ny 3 min

17 min e e 100 ml N, 13 min
20 min e ——— mmem——— 50 ml Ny 5 min
27 min -  8.14 (1) 10.0 (1) .75 ml N, 3 min

- 37 min ‘--f--—- | —————— 60 ml N2 -5 mih |

46 min  16.6 (6) 14.8 (6) 15 ml N, 13 min

% Bracketed numbers indicate the time (minutes) that had
elapsed between the injection of N9 and the lung meas-
‘urements. '




'within 15 minutes after a breath, the mean time betweéh  |
breaths was 15.3 minutes, or on the average 9.4 minutes |
~after the injection. If injeétions of nitrogen were made
-15 minutes or more after the animal had taken a breath,
the mean time to breathe after the injectibn was 8.4
minutes (the times of‘9.4 and 8.4 minutes are not sig-»i
nificantly different at the 5% level). |

| Usingvdata from Part I of this thesis, POy
ievels in the dorsal aofta and systemic arch at the
time of breathing were.obtained from five different anF
 imals (Fig._Zi). As it was not possible to obﬁain blood
POy measurements at the exact time of breathing on all
occasidns, it was‘necessary to extrapolate ''breathing
values" by extending the femoval curve for oxygen in the
Blood to the time of breathing. When illqétrated'in this
manner (Fig. 21) there was as much as 14 mm Hg difference
in arferial breathing values dufing five breathing cycles
in one animal and as little as 1 mm Hg through three

breathing cycles in another animal.
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.Figuré 21 PO, levels in the dorsal aorta and systemic

arch in five Amphiuma a® the time of breathing.
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DISCUSSION

Amphiuma tridactylum breathes about onée every
hour (55 T3 minuﬁes). The animal becomes agitated, rises
to the surface and fills its lungs. It then returns tb |
the bottom of the tank. The_méan time between_bréaths, re-
cofded in this study, is in agreement with.data‘reported'
by Darnell (1948). It is apparent (Part I bf‘this-thesis)
‘that the primary function of surfacing'in Amphiuma is to
replenish the air in thérlungs. Whiat stimuli determine the
cessation of inspiration?

in four expériments in which air was withdrawn
from the lungs as the animal was breathing, lack of term-
ination of the inspiratory process indicates that filling
the lungs in Amphiuma terminates bfeathing. Termination
of inspiration, after a certain volume of air had passed
through the lungs and had been removedlthroughnthe can-
nula, was probably because the spezd of extraction of air
did not equal the rate of lung inflation by the animal.
vThe important observation is not the exact amount of
| éir removed from the 1ﬁngs but thaﬁ, as air was withdrawn
from the lungs, more was forced into the lungs by the an-
imalthan would normally fill the lungs. The inspiratory
event is 2ot baéed on a certain number of ‘'gulps" of air

but rather on the volume of air in the lungs which in
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turn probably triggers stretch receptors in the lung.
These have been shown to be present in other amphibians
(Neil et.al., 1950; Paintal, 1963; Widdicombe, 1964;
Taglietti and Casella, 1966; Shimaca, 1966; Jones, 1966).
| The nature of the gés mixture seemsvto.be un-
impbrtant invregulating the terminetion of.inspiration.
The behavior of the animal prior to inspirétion is very
characteristic and it was possible to inflate the lungs
with nitrogen during ;hié period. Filling the lungs with
nitrogen was sufficient to terminate the inspiratory |
response and the animal returned tc the bottom of the
ténk for a short while. This "appeasement" period was
shortlived and in ail cases the animal returned to the
surface to breathe within 2%-11 minutes. A similar type
of response was.re¢orded by Jones (1966). He found thét
frogs surfacing into nitrogen nearly recovered ffom
diving bradycardia, however only lung inflations with
air and "release of anoxia" brought about complete re--
- covery. Because of the difficulty of recording an "E.C.G."
-through the thick skin and musculature of Amphiuma, heart

rate was not monitored in most of the experiments.in’ this
" part of thz study. It is possible however, that there

might be a relationship between heart rate and breathing



since (as will be shbwn in Part IIL of this study) therévv
is algrédual'slowing down of the heart rate as the animal
reméins submerged.

The major question to be considered in thisu
,part of the study is what stimuli are invdived‘in detef—: 
mining the onset of bfeathihg in émghiuma; Continuous
“injections of air into the lungs result in animals being
v"éatiéfied" to remain bélow the water surface. Submerged':
times in 2xcess of fouf‘hours clearly indicate that the
stimqli oc stimulus involved in triggéring the animals
‘breathing response could be overridden or negated by per-
ibdic air injections. Such lengthy times beneaﬁh the water
surface élso indicate, a priori, that éarbon dioxide must
be satisfactorily eliminated by respiratory surfaées othér
_than the lungs. There is the possibly hoWever, that carbon
dioxide was removed as air bubbléd,out of the lungs at the
timenof air injection.

Injection of pure oxygen into the lungs of 52- .
phiuma also éxtended the interval between breaths. Injection
of 20 ml pure oxygen extended the.bréathing interval to
slightly more ﬁhah twice the normal breathing interval.
Since the pure oxygen/air mixture in the lungs would not V
exceed the normalllung capacity, the lengthy submergence

time would necessarily decrease the volume of air in the




lungs more then would occuf,if normal‘breathing had_taken‘
place. This alone would indicate that deflation receptore,
'fouhd_by Taglietti»ahd Casella (1968) in the frog lung,
:did not provide the breathing stimulus.in Amphiuma.

The chemical regulatlon of resplratlon by car-
bon dioxide in mammals is a well documented phenomenon
(review by Hornbein, 1965) and it was thought that carbon
.d10x1de might play an 1mportant role in the regulation of'
breathlng in Amphiuma. Carbon dioxide/air mixtures were
injected into the 1unge; The results of these injeetiens
~ were in no way conclusive. For example the mean breathing
:time after injection of 15% carbon dioxide was 8-9 min-
utes IOnger than if 10% carbon dioxide were injected. In-
jection of 20% cafbon dioxide resulted in the animel
breathing ﬁithin about 21 minutes, a definite shortening
- 'of the interval between injectioﬁ and breathing. In this
?artieulax instance the amount of oxygen in the injected
sample would be lowered to 16-17% simply by the presence
of the carbon dioxide in the gas mixture. It seems doubt-
ful however, that a 5% drop in oxygen.concentretion in
the lung would ehorten the interval between injection andl'
the next treath to 21 minutes. Higher_concentrationslof

carbon dicxide (30%-pure COp) injected into the lungs pro-
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duees an even shorter interval between breaths..

Amphiuma tridactylum, under normal environ-

-mental conditions, would never encounter carbou dioxide
Cohcehtrations as high as those injected into the lungs.
‘Mammalian alveolar»concentrations rarely exeeed 10%
::carbon dioxide (76 mm.Hg S.T.P.) and it has been shoun
:earlier ih this study that the mean alveoiar PCO2 for_f

- Ehluma is about 15 mm Hg. 1In conclusion it appears

© that Ampqluma has some- detection mechanism whereby breath ng o

onset will occur more rapldly if unphy51olog1ca1 doses
of carbon d10x1de are 1nJected irto the lungs

| If the arterial PCO, is raised to tw1ce the
normal level by increasing the PCO, of the surrou‘dlng
‘water, no change.in the normal breathlng pattern-results.
In normal free- mov1ng Amphiuma in fresh water, no relation-
h sh1p was found between the PCO, levels in the blood and
, lungs and the onset of breathlng (data used from Part 1 .
'vof th1s study) . PCO2 1n the major vessels mlght e1ther |
be falling sllghtly, rising sllghtly or more frequently, “
be constant at the time of breathing.

E11m1nat10n of carbon dioxide from the body o

is very 1ap1d in Amphiuma tridactylum. Carbon d10x1de

1n3ected 1nto the lungs, raising alveolar-PCO2 to 3-5

“times -the normal levels, is removed’from_the lungs within
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ten minutes after injection. The rapid removal of carbon
dioxide from the lungs, if lung PCO2 1is raised, and the
‘rapid rise in blood'PCOZ, if water PCO,) levels are in-
creased, indicate that the Amphiums skin is capable of
fapidly transfering large amounts of carbon dioxide across.
this respiratory surface. | |

‘Injections of nitrogen into the iuﬁgs of Amphiuma,
‘thereby lowering the alveolar PO) levels, is somewhat more
physiological in that WHen an -animal has remained subﬁerged
for periods up to an hour, the lung is normally filled with
.90-95% nitrogen. The effect of lowering alveolar PO, is that
the times between breaths is definately shorfenéd. The |
actual reSponse'timé is variable and is related to the fact
that, if one postulates the presencé of an oxygen chemo-
‘receptor (which triggers the breathing responsé), injections
of nitrogen into the lung will lower blood PO2 at a rate
which is related to the oxygen reserves (hemoglobin bound)
in the body and the metabolic rate of the animal. The rate
of oxygen consumption of Amphiuma, as shown earlier, is
Very low and is related to the blood oxygen content. The
-mean time to breathing of nine minutes after injection is
.Anot an unireasonable length of time for blood POy levels to

drop to levels similar to those in the lung. It seems quite .
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reasonable to-suggest at this poinf: that the onset of
breathing is much more sensitive to oxygen deprivation
than to ircreases in éarbon dioxide cbncentrétions.

These observations indicate that oxygeﬁ cheﬁo-v
receptors may be involved in.the initiation of bfeathing
'in.AmEhiumg.'Relative consistency between ﬁhe sz in the
dorsal aorta and systemic arch and the onsétvof breathing
indicates that the receptor sites might be located in the
~arterial circulation.'Ih an oscillating system, such as
breathing in Amphiuma, it does not seem unreasonable to
,pqstulate a control méchanism triggered by another oscil-
lating parameter (body PO, levels) rather than é system
in which Oscillétions do not normally occur (body PCOy
levels). High carbon dioxide levelé.however, ao alter
‘the interval between breaths. Carbon dioxide may have
either a direct or an indirect effect on breathing in
Amphiuma. Increased ievels of carbon dioxide may stim-
ulate oxygen consumption, which would shorten the breath-
~ing interval. Other alternatives might be that carbon
ldioxide may effect thevrélétionship between PO, and breath-
- ing directly or perhaps carbon dioxide simply has a direct

effect on breathing in the classical mammalian sense.
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PART III, SOME FEATURES OF THE CIRCULATION IN

AMPHIUMA TRIDACTYLUM
INTRODUCTION

Noble (1931) and Foxon (l964) have reviewed the

work done up to five years ago on thé circulatqry dynamicé
of Amphibia. Shelton and Jones (l965 a,b and 1968) and
Johansen &nd Hanson (1968)-provide‘more recent accounts
of research being doné in this area. In view of fhe exten-“
~sive reviews provided,‘anly a bfief résumé on subjects
‘ pertinent to the present studvaill be given here.

The "classical hypothesis'" of blood flow‘through
the amphilbian heartvwas first put forward by Bricke (1852)
and later modified by Sabatier.(1873). They stated that oxy-
genated and deoxjgenated blood remained unmixed in the vent-
ricle, the oxygenated blood positioned on the fight sidé of
the ventricle was the first to leave the heart upon ventric-
ular contraction. The direction of flow of debxygenated
blood thrcugh the conus was aided by.the spiralAvaIQe and
because of the lower pressure in the pulmonaryAcifcuit,
’ _deoxygenated blood preferentially fléwed into the*iung cir-
cuit. As pressure in the pulmonary énd systemiélcircuits
became équal the spiral valve was then thought to.shut'off

flow to the pulmonary circuit and the oxygen rich blood
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leaving the ventricle wbuld enter the systemic and carotid '
vessels, | | A |

Since Bricke and Sabatier; Vandervaél‘(l933)

completely discarded the classical hypotheSis and étated
that blood in the ventricle and majof vessels was com-
pletely mixed. Noble (1925), Acolat: (1931, 1938), Foxon
(1951), Simons and Michaelis (1953), de Graaf (1957),
Simons (1959), Delong (1962), Sharma (1957),.Johénsen

(1963), Jchansen and Ditadi (1966) andFShelton (pers.
| comm.) have shown, by a variety of techniques on several
.speéies of amphibians, that there is a selective distrib4
ution of cxygenated and deoxygenéted blood to the pUlﬁon-
ary and systemic circuits.

| In diséussion of this topic the two points of

agreement (with the éxception of Vandervael) are:

‘i. the trabeculate nature bf the amphibian
ventricle does enaBle the blood to remain
relatively unmixed. | )

' ii. blood ffom the right atrium (least oﬁygen-
ated) is found in the right side of the vent- .
ricle, closer to the semilunar Vélves than
vﬁhe oxygenated blood irom the left atrium.

Much disagreement occurs in the literature on the sequence
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of events after ventricular systole that facilitate_the
movemenﬁs of deoxygenated blood to the lungs.

| Differences in the pulse pressure between the
pqlmonafy and systemic circuits has been recorded by sev-
eral people. Acolat (1938) found a 1-3 mm Hg lower diastolic
pressure in the pulmocutaneéus bfanch in eight species of

anurans. De Graaf (1957), working on Xenopus laevis, found -

.thét diastolic_pressures;in the pulmocutaneous artery were
on the average_7 mm Hg 10wer.than in the other two arches.
DeGraaf also found that there was & ''lag" in the rise in
pressure in the systemic circuit, in that the'pressure in
the pulmocutaneous circuit rose 0.10-0.15 seconds before
the.pressﬁre increased in the systemic circuit. Johansen

(1963) cannulating vessels at a greater distance from the

heart in Amphiuma tridactYlum récorded lower diastolic
pressures in the pulmonary artery than in the systemic
érchAénd also recorded a 'slightly earlier pressure rise
in the pulmonary artery'". Neither de Graaf nor Johansen
attached any significance to the pressure lag in the sys-
temic circuit. | . | |

Shelton and Jones (1968), working on three
species of Anura and one urodelé, found consistently lower .
pressures in the anuran pulmocutancous artéry than were

recorded simultaneously in the sysizemic arch, but found



similar systolié and diastolic pressures-in the urodele.
Similar pulse pressures in the urodele were thought to
occuf’because ofvthe ductus Botalli in this ?articular
animal, Shelton'(pers. comm.), in recent blood flow studies

on Xenopus laevis, has evidence for a slight increase in

blood flow to the pulmonary circuit prior to flow in the
systemic. Shelton and Jones (pers. comm.) have data which
‘suggests ichat in some anurans there is an increasevin
blood flow' to the 1ungszfor a'period of time following a
breath bu: that blood flow to the two circuits is equal
‘throughou: the greater portion of the breathing cycle.
Johansen (1963) was the first to examine the

cardiovascular dynamics in Amphiuma tridactylum and he

offers a partial explanation to the blodd flow patterns

in the major vessels in this animal. In general he re-
corded blood pressure and blood flow in the major vessels
and also recorded cinefluorographically, the movement of
biood fhrdugh the Amphiuma heart into the arterial cir-

- culation. He stated that shunting of deoxygenated blood

to the pﬁlmonary.circuit and oxygenated blood té the sys-
temic circuit was accomplished by "laminar outflow patterné
from the ventricle with a right?hand spiral movement

through the undivided bulbus éordis". Johansen was also
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aware that: diastolic énd systolic pressure changes in the
majqr vessels could alter the selective passage of blood,
but specific details with regards to this phenomenon were
not given ‘

‘The objectives in this part of the study were
to record blood pressures simultaneously in the body and

lung circuits of Amphiuma tridactylum and to determine if

. there were any pulse pressure diffzarences. The possible
presence of pressure "légs" in the systemic circuit and
the effecis of breathing and air injections upon blood

pressure in the major arteries was also investigated.
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. MATERTALS AND METHODS o

The experiments in this study were performed on

23 adult Amphiuma tridactylum. The animals were cannulated

.by a method described previously in this thesis (General
‘Materials and Methods).

Blood pressure was monitored with Statham 23AA,
23BB or 23 Db pressure transducers which were in turﬁ con-
‘nected to a Beckman Type R Dynograph. Pressure transducers 
were calibrated with a_éélumn of saline. The response time
of the pressure recording equipment was 0.20;0.25 msec.
| | The experiments were carried out in a 20 litre
glass aquarium which was partially filled with 10 litre
of fresh water held at 15°C. All animals were free-moving
and unanacsthetized; records were not taken until 4-6

hours after the operatiom.

RESULTS
'A. HEART RATE

Heart rate in any particular animal was vériable.
The lowésﬁ heart rate recofded at 15°C was 5 beats/min and
~ the highest 19 beats/min. In general there was a téchy-'
}cardia immediately following a breath and a gradual slow-

ing down of the heart rate as the submerged time increased.
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The'mean fluctuation in heart rate between breaths was 5.1
beats/min. Figure 22 illustrates the "diving bradycardia"

or "breathing tachycardia" in several Amphiuma.

B. LUNG FILLING AND CIRCULATORY CBANGES
| | The tachycardia, which cccurred when Amghiuma
bréathed was, in most cases, associated with a élight drop
in bloqd pressure in both the pulmonary aﬁd éystemic cir-
~cuits, Figure 23a illustrates the breathing tachycardia as
well as the pressure dfép in the two circuits. It is impori-
ant to note that the pulse pressure in the pulmonary circuit
~does not decrease to the same extent as does the pulse pres-
sure in the systemic circuit. A similar phenomeﬁon could
be observed by artificially filling the lung with air or -
nitrogen (Fig. 23b). Figure 23c furthef illustrates the
~extent to which lung volume affects blood and pulse pres-
sures. Injections of air into the'lung raised the sys-
temic diastolic preséure by about 3 mm Hg} After a short
period of time the air was removec and the diastolic pres-
sure in the systemic arch returned to the original level.
Injections of low concenttrations of carbon dio-
xide (5-15%) produced effects on blood pressure and heart

rate similar to those of air injections. If the particular
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‘Figure 22 Diving bradycardia or breathing tachycardia
in five AmEhiuma. All animals breathed at
time "0" and breathed again at a point

marked by a vertical arrow.
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Figure 23
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Breathing anailung infleation and deflation

effects on the pulmonary artery (PA) and

‘systemic arch (SA). Recordings obtained

simultaneously.
a. Breathing tachycardia and the associated
blood pressure drop in the pulmonary and

systemic blood circuits.

b. Artificial filling of the lungs with nitrogen

c. The effects of lung deflation on pulse

pressure.
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animal'was in a state of bradycardia, a breathing type
| bradycardia would result, diastolic pressures would fall
mqré in the.pulmdnary artery than inAthe systemic arch
and there was not a general decrease in blood pressure.
Injections of very high concentrations of carbon dioxide
(25, 50 and 100%) into the lungs produced an almost im-
mediate drop in blood pressure and heart rate (Fig. 24).

C. THE LA PHENOMENON

Diastolic préésures'in the pulmonary arteries
were on the average 3-5 mm Hg lower than those recorded
'simultaneously in the systemic arCH at a point 1 cm an-
terior to the ventricle.nFigure 25 illustrates this plus
the factvthat there was a definite lag in blood bressure
rise in the systemic érch. The preésure‘rise in the pul-
-monary ar:h was very rapid at the start of ventricular
systole aad it was only at the pOint where the blood pres-
sure in the two circuits was equal that the pressure rose
in thelsystemic circuit. In the animal described in Figure
24, the lag was calculated to be 0.18-0.20 seconds in
Vduratioﬁ. |

.Figure 26a shows the pressure.relationships-
in the twolmain arches in a very slowly beating heart

(about 8 beats/min). The calculated lag is 0.20-0.25 sec



Figure 24 1Injections of high concentrations of carbon
dioxide into the lungs and the associated

preséure changes in the systemic arch.

20



DORSAL AORTA

BLOOD PRESSURE

30
20

10

mm Hg

30
20

N

25% CO,

_
L f h
 50% co, o o
100% €O, | |

TIME (i0sec.interval)



Figure 25
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Simultaneous pressure racordings invthe pul-
monary artery (PA) and systemic arch (SA) |
showiﬁg the.pulse lag ia the systemic arch.
a. slow chart drive on recorder.

b. rapid chart drive oa recorder.
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Flgure 26 Pressure relatlonshlps in the pulmonary

artery (PA) and systemic arch (SA) in

a.

b.

slowly beatlng heart:
Superimposed pressulevreeordings from

the pulmonary and systemic arches in

aﬁother Amphiuma.
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and.tﬁe diastolic pulse pressufe_différehce betwéen the
two arches is 3.8 mm Hg. Figure 26b shows the‘difference
in outflow pattern in the two circuits. There is a mbre
rapid fall in blood pressure after incisufa in the pul-
monary artery than in the systemic circuit. Peak systolic.
pressures in this particular animal were ﬁeached simult-
aneously in-the two arches, which was always the case.
'Systolic pressures rarely differed by more than 0.0-

1.0 mm Hg in the two aféhes.
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DISCUSSION

Jones and Shelton (1964) and Jones (1966; 1968)
have discissed diving bradycardia in several.species_of
anuran amphibiahs. They have shown that diving bradycardia

is very pronounced in the Anura. Amphiuma tridactylum, an

aquatic urodele, does not show a rapid drop in heart rate
upon submargence, which may either reflect the faét_that
submergenze was ''voluntary' or that, because a submerged
habitat is normal for Aﬁghiumé, thévdiving bradycardia is
not very ronounced.

The stimuli invblved in Bringing-about diving
bradycardia in amphibiané is still unclear. Leivestad
(1960), ﬁarking on the toad, Bufo bufo, has showﬁ that
submergence for two hours and the reSultant diving brady-
- cardia do=s not result in an oxygen debt being built up.
Jones (1957) has shown that during submergence in three
species of anuran amphibians, the relationship between
heaft.rata and oxygen uptake is simply; "if one is low
then the other is genefally low". In Amphiuma the relat-
ionship.is‘also that lower oxygen consumption during the
‘ 1atter-paft of the submerged period usuélly coincides
with lower heart rates. |

| When AmEhiuma\breathes, or the lﬁngs'are artif-

icially iaflated with air, there is a greater increase in
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pulée pressure in the systémic arch thén'in the pﬁlmonary
artery. This is very indicative of an increaséd flow to
the pulmonary circuit for a short pefiod of time after a
breath. Recent blood flow studies done by Shelton (pers.

comm.) on Xenopus laevis and Jones (pers. comm.) on Rana

pipiens, indicate that for a short period of time after a
breath there is increased blood flow to the pulmonary cir-
cuit. After the initial increase the blood flow to the

pulmocutaneous dropped and in Rana pipiens there was less

flow to the pulmocutaneous than the systemic arches and in

‘Xenopus laevis the blbod flow to the two arches was more
or less equal. Therefore; in Amphiuma, if pressure falls
~as flow increases in the pulmonary artery, there must be

- a substantial fall inllung peripheral resistance during
-breathing. To account for this phenomenon fhere must be
increased vasoconstriction during'the,submerged period and
vasodilation during the breathing process and for a short
périod of time thereafter.

Injections of nitrbgen into the lungs produced
the same effects as thoée described by Jones (1966) in
that there is a "release of the bradycafdia"_bﬁt the ef-
fects on‘blood pressure of nitrogen injection are different
from those which occur when the animal breathes normélly.

Systolic and diastolic pressure increase in the pulmonary
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artery but: retufn to normal within 1-2 minutes. Systolic
and diastolic pressures increase in the systemic arch for
1-2.minutes but the diastolic pressuresvremain elevated,
resulting in a decreaSe in pulse pressure overall. The ex-
planation for this might be that with nitrogen injection
there may be no vasoconstrictive or vasodilatory responées

and the decrease in pulse pressure might be due to the
increase in heart rate;orvpossibly the increase iﬁ resist-
ance in tae body circuif as a'resuit of the physical dis-
placement in the body caused by lung inflation.

The rapid drop in heart rate and blood pressure
after injections of high concentrations of carbon dioxide
into the lung is difficult to explain without"some further
experimentation in this area. Explénatidns of this pheno-
menon are complicated by the fact that to ellicit such a
response, extremely high, unphysiélogical concentrations
of carbon dioxide were mnecessary.

"Peak systolic pressures recordedAsimultaneously
. in the pulmonary and Systemic arches are, in the majority
of caseé, equal and occur at the same time. If the frequency
response time in the recording system is adequate (this has
already teen shown to be true in this study) and pressures

are recorded within 2 cm of the ventricle, pressure pulses
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from the ventricle will arrive at the recording sites sim-
ulteneously_(Shelton and Jones, (1968); WOmereley,(l955)).
Diastolic pressures and the rate of runoff are on the other
hand related to peripheral resistance, compliance and heart
rate. Runoff has been shown by Shelton and Jones (1968)
and de Graaf (1957) to be more rapid in the pulmonary arch
_aﬁd it wae Suggested by de Graaf that this was a result of
the lower resistance in the Lung caplllary beds. The pulse
lag recorded in the present study, between the pressure
rise in the pulmonary artery and systemic arch, could not
IOCCur'unless there was some occlusion to flow in the sys-
temic circuit for e short period of time. |

In an attempt to elucidate the anatomical function-
ing of the spiral valve and associated structures, ten Am-
phiuma we:e anaestﬁetized after normal experiﬁentation and
the ventricle, conus, truncus and pulmonary poftions of the
circulatory system were dissected ffee of the body. In sal-
‘ine solutions, incisions or "windows" were‘made‘in the ant-
~erior portion of the conus and posterior portion of the
truncus suach that the functioning of the spiral valve coulc
be observad with a dissecting mieroscope. It appeared that
the spiral valve in Amphiuma was a triangular ridge of

muscular tissue extending the length of the conus and pro-
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truding into the conus lumen to the extent of 2/3 of the
conus diameter. At the anterior end of the conus the tri-
angﬁlar ridge beéomes_a round, rather 1obulaf structure
which appears tb occlude the entraace to the systemic cir-
cuit during the initial ventricular outflow. This tissue
could occlude the vessel briéfly as the blood pressure |
‘rises or it could simply be forced into this position as
the conus is mechanically elongated as it becomes furgid
with blooi. Of the two élternétiveé, I would prefer the
"occlusioa as a blood pressure phenomenon" in that the
‘presSure lag in the systemic circuit is very brief and
a pulse pressure is recorded there at the same time as the
- pressures in the two circuits are equal.

A pulse lag of 0.2 seconds does not strike one
"as being significant when compared to a heart beat which
extends for 5-6 seconds. However, if one cOnsiders that
ventricular output occurs from the start of systole to
the‘incisura, the lag time can amcunt to 10-15% of the

- .ventricular output time. Could the amount of time, which
primarily_deoxygenated blood is flowing to the pulmonary
circuit, be long enough to set up the gradients between the
twd circuits reported earlier ih this study (Part 1)? Spec-

ulating cn the data available it would appear‘that, if the
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vfirét'lO-ISZ of the blood leaving the ventricle was mixed
venous and entered the pulmonary circuit. the gradients be-
tween the pulmonary artery and systemic arch in Amphiuma
could havz been obtained by this phenoménon.

Shelton and Jones (1968) have shown in.the uro-

dele Salamandra salamandra that there are no pulse pressure

differences between the pulmonary and systemic circuits,
~and suggest that the presence of a ductus Botalli'equalizes

pressure in the two circuits. Simons (1959), working on

Triturus zcristatus and Salamandra maculosa, found that there
-was no différential distribution of blood demonstratable by
injection of dye. IntereStingly enough, both of these anim-
~als possess a ductus Botalli. This embryonic blood vessel
is retainzd in most dfodeles; Amphiuma provides one excep-
tion. It follows then, if all terrestrial émphibians de-
pendent upon pulmonary respiration, lack a ductﬁs Botalli
(to my knowledge a11 adult anurans lack this véssel) the
pressure difference created by having a separate pulmonary
~and systemic circuit could be strongly implicated in the
ﬁseparation.of the two types of blood.

It has been-shown‘that there are pulse pressure

differences in the two circuits, a possible explanation
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ﬁasrbeén Zgiven as to how the diastolic pressure differ-
ences in the two circuits could result in blood from the
body beinz in part sent to the lung circuit snd the reason
for such a phenomenon I think is best stated by Foxoﬁ (196L)
when he said, ''perhaps evolutionary selection-has acted
invfavour of those animals which possessed, not.some hy-
pothetical mechanism for the selection of blbod‘for the
head region, but some mechanism wkich prevented blood
which had returned froﬁ the lungs from being immediately

sent there again'.
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SUMMARY
1, The experimental animal of this_étudy was

Amphiuma fridactylum, an aquatic wrodele. Amphiuma

breathed about once every hour and almost completely
replaced ull air within the lungs at each breath.

2. While Amphiuma remained submerged between
breaths, oxygen was removed from the lungs but carbon
‘dioxide levels did not increase. The R line for al&eoiar»
gases in ihis animal wéé therefore zero.

3. Oxygen consumption in Amphiuma at 15°C
‘was the lowest recorded for any amphibian at a comparable
temperatuie., Most of the'oxygenvwas consumed within the
first fif:een minutes of submergence. The primary respir-
atory suriace for oxygen consumptlon was the lungs.

4. Oxygen tensions in the major vessels oscil-
lated with the bréathing cycles. There was a definite
gradient bhetween the pulmonary artery and systémic arch
which persisted throughout the breathing cycle.'The grad-
ient decreased with time submerged, being caused by the
7 decreaseAin gradient betWeen the oxygen tensions in the
~ pulmonary vein and venous return. |

5 After each breath in Ehl a the oxygen
tensions, in all the vessels studled rose rapldly, the

tensions in the'pulmonary vein increased to levels found
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in the lungs, éﬁd were usually completely saturated.

6. Termination of inspiration was shown to be
conﬁrolled by a Volume detection mechanism. Animals were
shown to continue the breathing process if air was simult-
aneously removed from the lungs through a ldng cannula.
Injections of nitrogen into the lungs terminated inspir?
ation for a short time but breathing occurred a.short
time after.

7. Carbon dipéide in the lungs in doses 3-5
times the normal 1evels were removed from the lungs
rapidly and did not result in the onset of breathing if
the oxygen tensions were sufficiently high. Very high
concentrations of carbon dioxide in the lungs reéulted in
a shortening of the time between breaths. Increased
levels of carbon dioxide in the dorsal aorta did not
bring abcut the breathing response.

8. Removal of oxygen from the lungs brought
about a rapid breathing response. The presence of an
.arterial oxygen chemoreceptor was postulated as a
mechanism for cohtrolling breathing in Amphiuma.

9. The diving bradycardia response in Amphiuma
was not very pronounced and was quite irregular.

10. When Amphiuma breathed there was a greater

increase in pulse pressure in the systemic arch than in
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the pulmonary értery. If pressure fell as floW'ihcreaséd?
there must have been a substantial fall in lung peripheral
resistancz when the animal breathed. |

11. There was a lower diastolic pressure in the.
pulmonary artery than in the systemic arch. Pulse pressure
was generally greatest:in the pulmonary artery. There was
a slight oressure lag in the systemic arch compared to the
pressure rise iﬁ the pulmonary artery. It was éuggestedj |
that the first blood'to'leave the ventricle would flow to
the pulmoaary artery initially because of the lower
pressure in the lung circuit and possibly because the
entrance to the systemic circuit appeared to be blocked
"during the initialAphase of ventricular output. The
'pressure lag phenomenon in the systemic arch was thought
to account for the PO, difference between the pulmonary

artery and the systemic arch,.
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