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Systemic and pulmonary arterial and ventricular blood pressures have been recorded in both
lightly anaesthetized and unanaesthetized, unrestraied garter snakes of the genus Thammnophis.
Systemic blood pressure was 65/44 cmH, 0 compared with only $2/21 ¢cmH,0 in the pulmonary
circulation. Peak systolic pressuves throughout the ventricle were identical and were the same as
systemic systolic pressures. Reduction of pulmonary arterial blood pressure arose solely from an
impedance to blood flow located in a nairow region of the pulinonary ventncular ontflow tract,
Atropine greafly reduced this impedance. No changes 0 1the blood pressure relationships within
the central arterial circulation were osbserved during intermittent. voluntiry lung ventilaton, [tis
conciuded that the ventncle of the snake Thamnophiy functions as o single pump which perfuses
both the pulmonary and systemic circulations. with pulmonary and systenuc arterial pressure
differences arising from the impedance characteristics of the ventricitlur outilow racts.
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On u releve les pressions sanguines systémigues wins que lex pressions dans artere pul-
mwonatre et le ventricule de conleuvres du genre Thamnophis 1égirement unesthésides ou non
anesthésices, gardées en liberté surveillide. La pression sanguine systémigne s é1ablissait a 65/44
emHbLOL alors que la pression dans Ju civeulation pulmonidre n'atteigaat que 5221 ¢cmH,0.
l.es pressions systoliques maximales étatent unifornies ot égitles aux pressions systoligues
systémigues. La réduction de la pression sanguine dans Uartere pulmonaire résilte de ta seule
entrave rencontrée par la circulation sanguine daos un passage érroit du tractus ventriculaire
pulmonaire a sa sortie du cweur. Latropine réduit considérablement I'importance de cette
enttave. On n'a observe aucune modification de pression au sein de L circulation artérielle
centrale tors de la ventilation intermittente ct volontaire des poumons. On en a conclu que le
ventricule de la couleuvre Thamnophis fonctionne i la maniere d une pompe unigue gui gltnenie
a lu (ois les voies des circulations pulmonuire et systémique. les différences entre les pressions
art€rielles pulmonaire et systemique résultant de "opposition gu'offre o la circulation sangnine

Circulation during intermittent tung ventilation in the garter snake Thamnophis

les voies d'écoulement entre le ventricule et artere pulmonaire.

Intraduction

The cardiovascular dynamics of the Ophidia,
whose cardiac anatomy conforms in most re-
spects to that of the other noncrocodilian rep-
tiles (Mathur 1944 ; White 1968), has yet to come
under close scrutiny. In one of the very few
studies involving simultaneous measurements of
intraventricular and arterial blood pressures,
Johansen (1959) found systolic blood pressures
to be superimposable in the ventricular cham-
bers and in the systemic and pulmonary arteries
of restrained grass snakes. The ventricle thus
apparently served as a single pump egjecting
blood into both the pulmonary and systemic cir-
culations. However, no study since this time has
addresscd itself to determining both systemic and
pulmonary arterial and ventricular blood pres-
sures in snakes. The extent of functional ventric-
ular separation in unrestrained, unanaesthetized
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snakes also remams to be established. Nor has
the influence on snake cardiovascular function
of intermittent lung ventilation, now known to be
an important factor in the cardiovascular dy-
namics of other reptiles, been considered. To
these ends, the present investigation reports
measurements of arterial and intraventricular
blood pressures during periods of apnoea and
lung ventilation in both lightly anaesthetized and
completely unanaesthetized, unrestrained garter
snakes of the genus Thanmophis.

Methods

Experiments were performed on nine garter snakes of
the genus Tharmophis ranging m body weight (rom 29 to
75 g. The three species 7. elegans, T. ractix, and T. sivtalis
were represented. Ail experiments were performed at
28-30"C.

Blood pressure measurements were made in six acute,
lightly andesthetized preparations and in three unre-
strained snakes after recovery from anacsthesia. All
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shahkes were inttially anaesthetized with ether vapor, The
animal was then carefully Tustened ventral side up to the
surgical table with strips of masking tupe, being careful
not ta compress the rib cage.

In acute eaperiments, a 3- to 4-cm-long median incision
was mude in the ventral body wall and the heart and
arterial arches were eaposed. Blood pressure cannulae
(PP50 polyethylene tubing fitted with PP1O tips) were used
1o nonocclusively cannulate the pulmonary artery and the
right aorta or left or right carotd artery. In all experi-
ments, cannulae tips were positoned facing upstream
towards the heart. The tips of artenal cannulae were not
sutured in place as the artenal walls usually sealed tightly
around them and henee the cannulac tips could be moved
fowards the heart and manocuvered through the vulves
and into the ventricular chambers with nealigible Meod
loss. In severut experiments, PP20 cannulac were caretully
introduced through necedle stab wonnds into the cavam
venosum and cavum pulmonale of the heart to allow
direet recording of ntraventricular blood pressures. (The
cavum venosum of the heart of the snake and other squa-
mate reptles receives blood from the right auricle and
the cavum urteriosunt and ejects blood directly into the
systemic arterics: the cavum pulmonale receives all of s
blood from the cavum venosum and ejects blood into the
pulmonary artery (White 1968 Shelton and Burgeren
1976).) Snakex prepared for acute experimentation were
allowed to recover from anacsthesia to the point where
ventilatory movements were spoatancousdy resumed and
were thereatter maintained in this state of hight anacs-
thesia with ether vapour.

In preparations for chronie blood pressure recording,
a 2- 10 Y-em-long median incision was made in the ventral
hody wall some 4 ¢cm posterior (o the apex of the ven-
tricle, The lung was ¢xposed and a small side branch of
the pulmonary artery running over the lung parenchyma
was cannulated with a 40-cm length of PP20 cannula. The
cannula tip was advanced from the side branch stightly
upstream into the larger pulmonary artery. The dorsal
aorta was also cannulated with o 40-em length of PP20
cunnula implanted ubout 2 em posterior 1o the coniluence
of the left and right aortae. Both pulmonary and systemic
cannulation points were about equidistant from the heart.
The cannulac were sewn into pliace In the blood vessel
walls and then led out through the ventral incision in the
body wall. which was finally closed with interrupted
sutures. After a 2- to 3-h period of recovery from anaes-
thesia, the snake was placed in small aquarium containing
5 ¢emoof water, Systemnic and pulmonary blood pressures
could be recorded in unrestrained animals and cannulae
usually remained patent for 2 3 days. All cannulac were
filled with heparimzed saline and 20 U100 g body weight
of heparin were injected into bath acute and chronic prep-
arations at the start of each experiment.

The cannulae were connected 10 Statham BB fluid
pressure transducers whose outputs were recorded on an
I and M Instruments Physiograph Six rectilinear chart
recorder. Frequency and damping characteristics of the
pressure monitoring and recording system were assessed
at the beginning of cach experiment to ensure that the
system was adequate to record blood pressure profiles
without significant phase or amplitude errar.

Breathing frequency was monitored in both acute and
chronic preparations by direct observation ol body wall
movements during mspiration and expiration, und an

event marker was actisated to indicate these events on the
records,

Arropine in a dosage ol 1.0 mg ke body weight ina
carrier volume of 0.3 ml saline was admnistered during
the course of the experiments o five snakes.

Results

Mcasurements of cardiovascular performance
n 17 elecans, T, radix, and T, sirralis revealed no
dillerences between species, nor were there any
differences evident between lightly anaesthetized
snakes und those which had cowmpletely re-
covered from anacsthesia and were unrestrained,
Ilence, Table | presents pooled data on heart
rate and pulmonary and systemic blood pressures
recorded rom nine Thamnophiv under varying
cxperimentul conditions.

No variations in heart rate associated with
voluntary intermitient lung ventilation  were
evident in any of the snakes when swimming or
when 1n air. Mean systolic pressures 1n the sys-
temic artenial circulation in Thamnopliv were
about 12 15 cmH .0 higher than in the pul-
monary circulation (lable 1) This ix clearly
Hlustrated in Fig. 1, which presents blood pres-
sure records from the mght carotid and pul-
monary arleries of a lighily anacsthetized 77 ¢le-
gans. Blood pressure began to rise in the pul-
monary artery some 100 ms before it rose in the
systemic circulation, but pressure beean to rise
in the systemie circulation well before a similar
pressure was attained i the pulmonary artery.
[n fact, at no time during systole were systemic
and pulmonary arterial blood pressures ever
superimposable (Fig. 1B). Pulmonary pulse
pressure in most Thammophis was only 8-12
cmH,O greater than systemic pulse pressure
(Table 1). Nonctheless, the rate of fall of pul-
monary arterial pressure during diastole was
much greater than in the systemic circulation of
the snake, suggesting that the pulmonary vascu-
lar bed had a greater compliance and (or) lower
impedance than the systemic bed.

A markedly lower pulmonary arterial blood
pressure compared with that in the systemic cir-
culation was evident not only in acule prepara-
tions (FFig. 1) but also in {reely moving, unanacs-
thetized snakes. Figure 2 shows records of dorsal
aorta and pulmonary artery blood pressure mea-
sured in a T. elegans which was breathing inter-
mittently and also spontaneously swiniming (or
short distances in the aquarium. Importantly,
pulmonary arterial pressure was much lower
than systemic pressure during both apnoea and
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Tanrt 1. Cardiovascalar parameters measured in nine Thanmophis. Vilues for each wake were derived

from tfive mensuremenits made during a stahle cardiovascudar state, Mean vitlues -

I S are given for

pooled data

Body weight, —

Puimonary hood
pressure, cmH, 0O

Systemic blood
pressure, emH,0

Heurt rate,

Species a Svstolic Diastolic Systolic  Diastolic beats min
Thammophis radix 753 50 Ry 52 61 S1
Tharmophis radix 41.2 46 19 6l 36 49
Thanmophis eleeans 55.6 2R 12 32 33 47
Thanmophis elegans 48.7 S3 16 58 40 53
Thammophis vleguns 29.0 57 16 59 44 54
Thamnophis elegans 38.0 33 17 41 24 49
Thamnophis sirtais 33.5 29 2] 96 72 57
Thamnophis sivtalis 350 61 48 73 $3 62
Thanmaophis sirralis 7.0 40 13 59 13 31
Mean values 431 .8-14.3 52+17 2i+11 65+ 17 44 1 15 50+9
A B Lung T P P
venrtlation
40,
Hight carotid arery &40
2\‘ 50: e . N R|q.ht'\':ar.fn‘.nd 401, m
£ 30l s prtery Blood Dorsal aorta
4 40 e
o et S \-.\_ = pressJre 0
;x‘ 50- ; . (emH20) 6 Pulmonﬂry AT
230 ! ."'\ Pulmonary 40
& 100 o . 209 N _dttery )
< Polmonary artery et 20-
o
o oL ) Time (5 5)
Time (53 a 03 10 FiG. 2. Records of lung ventilation amd systemic and
Time (s) pulmonary arterial blood pressure in o freely moving,
Fiii. 1. (A) Records of systemic and pulmanary arterial unanaesthetized Thamnophis elegans (bady weight 48.7).

blood pressures from a lightly anaesthetized, voluntarily
hreathing Thummophis clegans (body weight 55.6 g). (B)
Superimposed records of systemic und arteriat blaod pres-
sures from Fig. 1A.

lung ventilation in all snakes. Ventilatory move-
ments had negligible cffect upon absolute
blood pressure levels and upon the pressure rela-
tionships between the two circulations. In all
Thanmophis, active locomotor movements in
water or air produced striking falls in systemic
and pulmonary pressure followed by a slow re-
turn to inactive levels alter activity ceased (Fig.
2), but the striking pressure difference between
the pulmonary and systemic circuits remained
essentially unchanged.

Intraventricular blood pressures measured
directly through the ventricle walls in four Tham-
nophis showed that systalic and diastolic blood
pressures in the cavum venosum and cavum
pulmonale were identical during both periods
of apnoea and during active lung ventilation
(Fig. 3). Although identical peak systolic blood

The arrows indicate the onset of bricf perjods of activi(y
(swimming).

Lung
H —_— — ——— T
ventilation
- — . - Cavum venosum
Blood o) P L
~ Cavum pulmonale
pressure gn ; .
cmpOr 11 [ }
e T L
Time (s)
Fi. 3, Intraventricular blood pressures recorded di-

rectly through the ventricle wall of a fightly anaesthetized
Thenmophis radiv (body weight 41.3 g).

pressures were always ocneraled in these two
ventricular chambers, their pressure  profiles
were not always completely superimposable. In
two Thamnophis, the pressure rise in the cavam
pulmonale preceded that in the cavum venosum
by 20-40 ms and the rate of pressure rise during
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systole way slightly greater in the cavum pul-
monale of these particular garter snakes.

Since systolic pressures m the ventricular
chambers of Zhamnophis are always identical
while pulmonary artery systolic pressure is much
lower than systemic pressure, a large pressure
drop (i.c., an impedance to blood flow) must
occur between the pulmonary valves and the
point at which pulmonary arterial pressures were
neasured. Experiments were performed on five
Thanmaophis in which cannulae in the right aorta
and pulmonary artery werc advanced upstream
and maneuvered through the valves into Lhe
cavum venosum and cavum pulmonale, respec-
nively. This operation had hiutle or no effect on
heart function as the valves closed tightly around
the cannulae and no changes in diastolic or sys-
tolic pressure in the ventricle and arleries oc-
curred. There was never a measurable pressure
drop towards the base of the right aorta or across
the systemite outflow tract ol the ventricle; peak
systolic pressures in the systentic circulation and
the ventricular chambers were always the sume.
However, as Fig, 4 iitustrates, a marked pressure
drop occurred across the pulnionary outflow
tract. Advancement of the tip of the cannula
from the base of the pulmonary artery 3 mm
forward through the pulmonary valves and into
the cavum pulmonale resulted in a large rise in
the measured svstolic blood pressure. With-
drawing the cannula back through the valves
into the pulmonary artery resulted in a drop ol
similar magnitude in the measured systolte blood
pressure. This impedance Lo blood flow in the
pulmonary outflow tract of the ventricle was
demonstrated in all five preparations.

If atropine was injected into the cavum pul-
monale of Thamnophis. the pressure drop across

_PA_W 7£A FpY_PA__
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Time (s)

Fi6. 4. Blood pressures recorded from the central
pulmonary circulation of a lightly anacsthetized Tham-
nophis sirtaliy (hody weight 37.9 g). At the top of the
record iy Indicated the positioning ol the mobile cannula
tip (sce text for further details). CP, cavum pulmonale;
PA. pulmonary artery.
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Heart rate 55 R
(beats,/rnvn)45]. s e,
70 Right aorta
Blood 40
pressure 60 |
20 "4 Pulmonary artery

Lung

ventiation

Tane (5'5)

Fii. S. Effect of atropine (1.0 mg kg body weight in-

jected at the arrow) upon systemic and pulmonary blood

pressure in an unrestrained, unanaesthetized Thamnaophis
sirtalis (body weight 37.9 gj,

the outflow tract began to decrcase within
seconds. A few minutes after atropine injection,
systemic and pulmonary systolic pressures were
within 1-2 cmH,0 of each other (Fig. 3). The
syslolic pulmonary-systemic pressure dilference
was reduced from 25 ¢cmH, O in this undisturbed
snake to only 1-2 cmHz() after the injection of
atropine, and heart rate rose from 46 to 36 beats,
min. A fall in systemic mean and pulse pressure
and a large increase in pulmonary pulse pressure
also devcloped in this Thamnophis, the latter
probably arising from blockade of chohnergic
vasoconsiriction in the pulnmonary circulation.
Discussion

Dircet measurement of intraventricular blood
pressure has shown the heart of Thammophis 1o be
incapable of generating large internal pressure
differentials between ventricular chambers. and
in fact, wlentical peak systolic pressures are
measured in the cavum pulntonale and the
cavam venosum (Fig. 3). This situation also
arises in the morphologically similar turile heart,
where a functionally single ventricular punip
operates to perfuse both systemic and pulmonary
circulations during apnoea, as suggpested by
White and Ross (1966), or during both apnoca
and lung ventilation, as more reeently demaon-
strated by Shelion and Buragren (1976) and
Burggren, Gluss, and Johansen (unpublished).
Certainly. in the varanid lizards, the oceurrence
during systole of a functional division of the
anatomically undivided ventricle into two dis-
tinct pumps is manifested in the generation of
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very large systolic pressure differences between
the systemic and pulmonary sides of the heart
{Millard and Johansen 1974). In the garter snake
Thamnaophis, the identical systolic and diastohe
pressures and the great similarity in pressure pro-
files recorded in the cavum pulmonale and cavum
venosum strongly suggest that the systemic and
pulmonary circuits are being perfused by a func-
tionally single ventricular pump, as Johansen
(1959) has simularly reported for a viper (Vipera)
and a grass snake (7ripodonotus).

A most striking difference between cardio-
vascular dynamics in the garler snake and in
other reptiles 15 the comparatively large redue-
tion in pulmonary arterial blood pressure rela-
tive to that in the ventricular chambers and in
the systeniic arterial circulation. The depression
of pulmonary arterial systolic blood pressure in
Thamnophis arises solely from the large blood
pressure drop which develops across a narrow
region of the ventricular outllow tract of the pul-
monary but not the systemic circulation. In
chelonian reptiles, a discrete band of vascular
smooth muscle underlying the bulbus cordis can
affect lurge increases m the pressure drop mea-
sured across the pulmonary outflow tract m vivo
when cholinergically excited or when the vagus
nerve is stimulated (Burggren 1977). The present
obscrvation thal pulmonary outllow tract im-
pedance in Thamnophis is eliminated by atropine
suggests both that smooth muscle vasomotor
activity might sinularly influence pulmonary
arterial impedance in this snake and that there
is a considerable vasomotor tope in the pul-
monary outflow tract.

While the hacmodynamic mechanisms resul-
ting in different pulntonary and systemic arterial
blood pressures have been demonstrated in
Thamnophis. the physiological function of a
large pressure drop across the pulmonary out-
flow tract 15 less obvious. The pulmonary and
systemie circulations of Thamnpophis are cffec-
tively linked in “parallel” through intraventricular
connections, X0 any variation in the impedance
balance beiween these two circulations will re-
sult in a redistribution of blocd flow between the
arterial arches. A significant decrease in pul-
monary outflow truct impedance, for example,
could be expected to shunt blood into the pul-
monary from the systemic circulation (4 so-
called “lefi-to-right” shunt). However, neither
voluntary internuttent lung ventilation nor spon-
tancous locomotor activity, both of which greatly
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influence blood distribution in the urterial arches
of other reptiles (White and Ross 1966; Shelton
and Burggren 1976), had any effect upon the
pressure drop across the pulmonary outlow
tract of the garter snake. In turtles. only a very
small proportion of the total pressure drop from
the cavum pulmonale of the heart to the pul-
monary venous circulation oceurs at the outflow
tract. [n Thamnophis {assuming a  neghgible
venous pressure), about 20-25877 of the venlric-
ular—pulmenary venous pressurc difference arises
solely from passage through the ventricular out-
ftow tract. That this considerable pressure drop
can be pharmacologically eliminated 1n the snake
clearly reveals the potential of this region to
affect pulmonary impedance and so redistribute
blood in the arterial arches.

Why then was pulmonary outflow tract im-
pedance apparently fixed at a constant high level
in these snakes? It may transpire that conditions
which were not simulated during these swudies,
such as severe hypoxia and hypercapnia arising
from extended periods of apnoea, perhaps in con-
junction with locomolor activity. are in facr
accompanied by variations in pulmonary out-
flow tract impedance. The location in the snake
of a high and variable impedance at the pul-
monary outflow tract rather than at the level of
the distal pulmonary arteries and arterioles as
found in turtles could allow a more ¢ffective con-
trol over pulmonary arterial blood volume and
the systemic-pulmonary  impedance  balance.
This especially would be so if the central pul-
monary arteries of the snuke were highly com-
pliant as they have been reported to be in other
reptilex (Burggren 1977, Additionally, the estab-
lishment of a higher blood pressure in the svs-
temic circulation relative to that in the pul-
monary circulation may favor svstemic functions
served by high arterial pressures (e.g.. renal
ultrafiliravon) while at the same time not in-
ducing pulmonary edema in the snake. which
might concetvably develop il pulmonary arterial
pressurcs were wllowed to rise to the compara-
tively high svstemic levels.
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