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Summary

Aninsitu perfused crocodile (Crocodylus porosus) heart preparation was devel oped to
investigate the effects of input and output pressure on cardiac dynamics and to determine
the conditions that lead to aright-to-left cardiac shunt. The pericardium was kept intact,
both the left and right atria were perfused and all three outflow tracts (right aortic, left
aortic and pulmonary) were cannulated, enabling pressures and flows to be monitored.
The perfused heart preparation had an intrinsic heart rate of 34 beatsmin—1 and generated
aphysiological power output.

Both the left and right sides of the heart were sengitive to filling pressure. Increasing the
filling pressure to both atria resulted in an increase in stroke volume and cardiac output
(Frank—Starling effect). Increasing thefilling pressure to the right atrium al so had apositive
chronotropic effect. Large right ventricular stroke volumes initiated a right-to-left shunt,
despite the left aorta having a pressure 1.5kPa higher than the pulmonary output pressure.

The left ventricle was able to maintain its output and stroke volume up to an output
pressure of approximately 8 kPa. However, the right ventricle was significantly weaker.
Right ventricular output and stroke volume showed a marked decrease when the output
pressure was increased above 5kPa.

A right-to-left shunt occurred when pulmonary output pressure was increased.
Surprisingly, a shunt occurred into the left aorta before the pressure in the pulmonary
artery became greater than that in the | eft aorta. Once the pressure in the pulmonary artery
exceeded the left aortic pressure, pulmonary artery flow ceased and right ventricular
output was solely via the left aorta. A right-to-left shunt could also be initiated by
increasing the filling pressure to the left atrium.

I ntroduction

The architecture of the crocodilian heart and associated outflow tracts is complex. In
contrast to the rest of the reptiles, the crocodilian heart has anatomically separated right
and left ventricles but, compared with the birds and mammals, where only one systemic
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arch has been retained, the left in mammals and the right in birds, both systemic arches
are present in the crocodilians. The right systemic arch arises from the left ventricle and
the left systemic arch and the pulmonary arterial trunk arise as separate distinct vessels
from the right ventricle. Moreover, the systemic arches are connected via the foramen of
Panizza, a small aperture found in the inter-aortic septum at the base of the outflow tract,
a feature which is uniquely crocodilian. Another connection between the two aortic
arches can be found further downstream; it is usualy called the ‘anastomosis’. This
complex anatomical arrangement of vessels alowsfor adiverse array of flow patterns. In
the undisturbed crocodile, blood flow in the left aorta (LA0) is derived entirely from the
right aorta (RA0) via the foramen of Panizza. The circulation pattern is thus essentially
the same as in mammals and there is a complete separation of systemic and pulmonary
blood flow. However, if resistance in the pulmonary outflow tract is increased and/or
systemic blood pressureis reduced, blood is gjected into the LAo from the right ventricle
(right-to-left shunt) (Axelsson et al. 1989; Shelton and Jones, 1991).

To date, our understanding of the physiology/functioning of the crocodilian heart is
based on in vivo measurements and on speculations drawn from anatomical studies
(White, 1956, 1969; Webb, 1979; Grigg and Johansen, 1987; Axelsson et al. 1989, 1991;
Grigg, 1989; Shelton and Jones, 1991). In this study, acompletely different approach was
taken: a perfused heart preparation was developed and used to examine the intrinsic
mechanical properties of a crocodilian heart. Perfused heart preparations have been
effectively used to study cardiac function in a range of vertebrates, and many different
types of preparations have been developed to meet the specific aims of the investigation.
However, if the flow and pressure dynamics of the heart (cardiac dynamics) are to be
studied, the integrity of the perfused heart preparation is crucial; that is, all chambers of
the heart should be perfused, al outflow tracts cannulated and monitored and the
pericardium kept intact (see Perry and Farrell, 1989). Furthermore, the cardiac outputs
generated by the preparation and filling and output pressures should be similar to those
found in vivo. In reptilian studies, the perfused heart preparations that have been used
have had only one side of the heart perfused and one outflow tract cannulated (Reeves,
1963a,b; Wasser et al. 1990b; Jackson et al. 1991). These preparations are useful for
studying cardiac metabolism but are of little value in understanding cardiac dynamics.

The aim of this study was to examine the effects of filling and output pressures on
cardiac dynamics in the crocodile heart. To accomplish this, crocodile hearts were
perfused in situ, via the left and right atria, and output cannulae were positioned in the
RA0, LAo and the left pulmonary artery (LPA). This preparation enabled us to
investigate the sensitivity of the heart to filling pressure (Starling effect), the maintenance
of cardiac output/stroke volume with increasing output pressure and the conditions that
result in aright-to-left shunt.

Materials and methods
Experimental animals

Crocodylus porosus Schneider (body mass 1.09+0.07kg, mean + s.e.M., N=7) were
obtained from the Edward River crocodile farm, Cape Y ork, Australia. The crocodiles
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were transported by light aircraft to the University of Queensland, where they were
housed outdoors in a large 4 m diameter fibreglass tank. They were kept in fresh water
heated to 30°C and had access to platforms on which they could bask. The animals were
fed once aweek.

Perfusate composition

The physiological Ringer used to perfuse the crocodile hearts was based on plasma
ionic concentrations and blood pH values measured in C. porosus (see Grigg, 1981;
Seymour et al. 1985). The Ringer had the following composition (gl —1): 6.4 NaCl, 0.3
KCI, 0.41 CaCl2.2H20, 0.34 MgS04.7H20, 0.43 NaH2PO4.2H20, 2 NaHCO3 and
1 glucose. The Ringer was bubbled with 3% CO2 and 97% O, and had a fina pH of
7.4-75 at 23°C. Adrendine (adrenaline bitartrate, Sigma Chemicals) was added to the
Ringer to afinal concentration of 5nmol |1

Just prior to perfusing the heart, superfine Sephadex (0.2gl—1) was added to the
Ringer. The Ringer was stirred and gassed continuously, preventing the Sephadex from
settling out and resulting in a homogeneous suspension. The Sephadex particles
permitted the perfusate to be monitored by a Doppler flow system. Ininitial experiments,
we found no difference in the performance of the heart, with or without the Sephadex.
The Sephadex beads were 1040 um in diameter, which compares favourably with the
size of the blood cellsin C. porosus (approximately 40 um in diameter, see Grigg and
Cairncross, 1980).

Surgical protocol

Crocodiles were killed instantaneously by a sharp blow to the head and then weighed.
The trachea was intubated with a 3.5mm rubber tube and the lungs were immediately
ventilated with medical grade oxygen. The body cavity was opened with a mid-ventral
incision and the vessels going to and from the heart were exposed and cleared of
connective tissue. Heparin (2000i.u. sodium heparinate, Sigma Chemicals) was injected
into the right anterior vena cava and allowed to circulate. The left and right anterior vena
cavas and the right pulmonary, carotid and subclavian arteries were tied off with silk
thread (Ethicon, 2-0). Stainless-steel cannulae (12 gauge, 2.2mm) (see Fig. 1 for design
of cannul@), connected via silastic tubing to a Marriot bottle filled with Ringer, were
inserted into the right and left pulmonary veins and tied firmly in place with silk thread.
The tips of the cannulae were positioned so that they were in close proximity to the
opening of theleft atrium. Perfusion was started immediately, care being taken to prevent
air bubbles going into the heart. The right aorta was cannulated with an 8 or 10 gauge (3
or 2.5mm) stainless-steel cannulathat provided an outlet for the Ringer being pumped by
the left side of the heart. To perfuse the right side of the heart, the right hepatic vein was
exposed by dlicing through the liver and a stainless-steel cannula (8 gauge, 3mm)
supplied with Ringer from a Marriot bottle, was inserted and tied in place. The tip of the
cannulawas positioned inside the sinus venosus, close to the opening of the right atrium.
The left pulmonary artery and left aorta were cannulated with stainless-steel cannulae (8
gauge, 3mm), providing outlets for the perfusate being pumped by the right ventricle.
The three output cannulae were inserted in so that their tips were positioned within the
outflow tract.
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The crocodile was then decapitated and the tail cut off, and the body region with the
in situ perfused heart transferred and submerged in a preparation bath filled with
physiological saline at 23°C. The input cannulae (right and left pulmonary veins and
hepatic vein) were connected to constant-pressure devices (see Farrell et al. 1982) that
could be raised or lowered to effect a change in the filling pressures to either the left or
right atrium. The filling pressures to the left and right atria could be adjusted
independently. The three output cannulae (right and left aortas and pulmonary artery)
were then connected to separate pressure heads that were adjustable and which set the
diastolic output pressure for each outflow tract (see Fig. 2). There was no noticeable
leakage of perfusate into the saline bath from the heart preparation.

The coronary system in the crocodile heart starts at the base of the right aortic outflow
tract, so, as a consequence of perfusing the heart, the coronary system was also perfused.

Instrumentation

The stainless-steel cannulae used in the preparation had 23 gauge (0.6 mm) needle
tubing running along the inside wall and opening at the tip of the cannula (Fig. 1).
Pressures were recorded via the 23 gauge (0.6mm) needle using saline-filled
polyethylene tubing connected to Statham pressure transducers (P23XL). Thus, the
pressures recorded were adirect measure of the pressure within the vessel or chamber and
did not require correction for cannularesistance. Pressures were referenced to the level of
the saline in the preparation bath in which the heart preparation was fully immersed. Five
pressures were recorded: right and left atrial pressures, right and left aortic pressures and
pulmonary artery pressure (see Fig. 2). Flows in the left and right aortas and pulmonary
artery were recorded using a Doppler flow system (University of lowa, Bioengineering,
model 545C-4). Extracorporea flow probes (Titronics Medical Instruments) were
inserted into the output tubing approximately 10cm from the stainless-steel cannulae.
The pressure transducers and flow probes were calibrated daily, and the zero for the
pressures was checked several times during each experiment. Fig. 2 shows the
experimental set-up we used to perfuse and monitor the in situ crocodile heart
preparation.

Pressure and flow signals were amplified and displayed on a chart recorder (Grass
Polygraph model 7). The flow signals were electrically dampened in the Doppler flow
system and the various pressure signal s were recorded undampened on the chart recorder;
further averaging was performed on-line in the computer. Heart rate was derived from the
right aortic pressure signals via a Grass 7P44 tachograph unit. In addition to the Grass

23 gauge needle

8-12 gauge cannula

Fig. 1. Diagram of a double-bore stainless-steel cannula used to cannulate the vessels of the
crocodile heart (23 gauge=0.6 mm, 8-12 gauge=3-2.2 mm diameter).
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polygraph recordings, a data-acquisition software package (AD/DATA; P. Thorén,
Héssle AB, Sweden) was used and &l data were fed into a Toshiba computer (model
T5200). The sampling frequency was set to 10 sampless~1 and on-line mean values were
calculated over 5speriods. Thedigital display provided by the computer allowed usto set
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Fig. 2. A schematic diagram of the experimental set-up used to perfuse and monitor anin situ
crocodile heart. F, flow signals from output vessels; P, pressure signalsfrom vessels; LAO, | eft
aorta; PA, pulmonary artery; PVs, pulmonary veins;, RAo, right aorta; RHV, right hepatic
vein; LPA, |eft pulmonary artery.
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input and output pressures accurately and to set flows to predetermined values dictated by
our experimental protocol. Datawere stored on disk for later analysis.

Terminology

Cardiac output is traditionally defined in mammalian hearts as the volume of blood
pumped by the left ventricle into the systemic circulation. However, the anatomy of the
crocodilian heart, with the left aorta arising from the right ventricle and connected to the
right aorta via the foramen of Panizza, makes defining cardiac output more difficult as
right ventricular blood can be shunted into the systemic circulation via the foramen. For
the purpose of this paper, the flow in the right aortic cannula will constitute left
ventricular output (the carotid and subclavian arteries were ligated; hence, flow that
would have been in these vessels is directed into the right aortic cannula), and the
combined flow in the left aortic and pulmonary cannulae will constitute right ventricular
output. We have made the assumption that foramen flow into the LAo from the RAo was
nil, which was the case under control conditions. Total cardiac output is defined as the
sum of the flow in the LAo, RAo and PA; this represents the total volume of perfusate
being pumped by the heart.

Experimental protocol
Control conditions

The left and right ventricles were each set to deliver a flow of approximately
20mimin~1kg~lbodymass (i.e. a total cardiac output for the heat of
40 ml min—1kg~1body mass) against a mean output pressure of 3.5kPa for the RAo and
the LAo and 2.0kPafor the pulmonary artery (PA). The ventricular outputs were set by
raising or lowering the filling (input) pressures to the left and right atria, which
subsequently increased or decreased the stroke volumes in the respective ventricle.

Heart rate was determined by the intrinsic rate of the sino-atrial pacemaker and by the
adrenergic stimulus provided by the 5nmol I =1 adrenaline present in the perfusate. The
preparation was alowed to settle under these conditions until stable values for the
recorded variables were reached (usually about 5min) before the following responses
were tested.

Response to filling pressures:. Starling curves

With the output pressures kept constant at control levels, thefilling pressures applied to
both atria were dropped to zero or slightly subambient pressures. As soon as flow in al
output vessels had stopped, the filling pressures were increased by approximately
0.05kPa and the new ventricular outputs were alowed to stabilise. The filling pressures
were then increased in further steps of 0.08-0.1kPa to a maximum of 0.8kPa (8-10
steps). After each pressure increment, a stable reading on the computer of ventricular
output was required before the filling pressure was increased further. The end point was
reached when an increase in filling pressure no longer augmented ventricular output. This
point was deemed the maximum ventricular output.

Filling pressure had a noticeable effect on heart rate, so in one preparation afurther test
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was performed. Thefilling pressure wasincreased first in the right atrium while that in the
left atrium was kept constant, and then the filling pressure was increased in the | eft atrium
whilethe right atrium’ sfilling pressure was kept constant.

Response to output pressure

After testing the response of the heart to filling pressure, the heart was returned to work
under the control settings for 2-3min or until stable values for the various variables had
been obtained before its response to output pressure was tested. Changing the pressures
against which the heart pumped was performed to meet two major aims: (1) to investigate
the ability of the left and right ventricles to maintain flow with increasing output pressure
and (2) to investigate the conditions that |ead to the right-to-left shunt (i.e. the shunting of
perfusate from the PA to the LA0).

The left ventricle was challenged first by increasing the pressure in both the RAo and
LAo in steps of 0.5-1.0kPa. At each pressure increment, the flow was alowed to
stabilise to its new rate before the pressure was increased further. The left side of the
heart wastested to amaximum of 10.5kPa. During this challenge, the right ventricle was
exposed to the control output pressure of 2kPa (this corresponds to the pressure in the
PA, asall the output from the right ventricle was via the PA; there was no shunting to the
LAO).

To test the right side of the heart, the PA pressure was increased in increments of
0.5-1kPauntil the flow had been completely shunted into the LAo. At thispoint, the LAo
and RAO0 pressures were increased in similar steps to a maximum of 8.5kPa. During this
phase, the pulmonary pressure was kept above the RAo/LAo0 pressure to prevent the
perfusate from being redirected back into the pulmonary cannula.

Flow through the foramen of Panizzawas investigated in one animal by first clamping
the PA, thus shunting the perfusate into the LAo, and then clamping the LAo.

Histology of the ventricle

Upon the completion of the protocols, the heart was removed from the body of the
crocodile, excess water was blotted off and the various chambers of the heart were
weighed. Some hearts were fixed in 3% formaldehyde in 0.9% NaCl. Three of these
hearts had their ventricular compact and spongy myocardial layers separated from each
other and weighed to determine their percentages. The rest of the fixed hearts were
dehydrated through an acohol series and embedded in paraffin wax. 8 um sections were
cut and stained with Mallory’s triple stain. The coronary circulation to the myocardium
was studied, in particular noting the differencesin supply to the left and right sides of the
heart.

Data analysis and calculations

Heart rate, pressure and flow data collected and stored on computer disk by AD-DATA
were transferred into a spreadsheet and other cardiac variables were calculated. Stroke
volumes (Vs) were cal culated for each ventricle (flow/fH, where fH is heart rate). In the left
ventricle, Vs was calculated from RAo flow, and in the right ventricle, Vs was cal culated
from the combined flow of the LAo and PA. Flows and Vs were normalised per kilogram
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body mass. Flows from the left and right sides of the heart were combined to give tota
cardiac output. Cardiac power output was also cal culated for each side of the heart and for
the whole heart. Cardiac power outputs were cal culated using the following equations:

L eft ventricular power output (mW) = [(Prao — PLungv) X Frao] X 0.0167, (A)

Right ventricular power output (mW) = [(Ppa — Pvcava) X Fpa] X 0.0167 +
[(PLAao — PLungv) X FLao] X 0.0167, (B)

Tota cardiac power output (mMW) =A + B,

where Frao is flow in the RAo (mlmin—1), FLao is flow in the LAo (mImin—1), Fpa is
flow inthe PA (ml min~1), Praoispressureinthe RAo (kPa), PLao ispressureinthe LAo
(kPa), Ppa ispressurein the PA (kPa), Pvcavais pressurein the venacava (kPa), PLungv iS
pressure in the lung veins (kPa) and 0.0167 is the conversion factor to calculate power in
milliwatts.

Cardiac power output for the whole heart was normalised per gram heart mass.
However, as the mass for each side of the heart could not be measured accurately, the
power outputs for the left and right ventricles were normalised per kilogram body mass.

For each preparation, fH, Vs, flow and power output for each ventricle were plotted
against filling pressure (preload graphs) and output pressure (afterload graphs).
Curves were fitted to the data using a third-order polynomial. The correlation
coefficient was always greater than 0.97, which meant a highly significant curve fit
was obtained (P<0.01, N=6-10 data points). The graphs from the individual
preparations could not be directly combined as input and output pressures were never
completely the same between preparations. To overcome this problem, we used the
polynomial equationsto generate data at set pressure intervals. For the preload curves,
data points were calculated in 0.05kPa steps and for the afterload curves in 0.5kPa
steps. We were then able to combine the data from the different preparations to
produce composite graphs.

Data are presented as means + s.e.M. and statistical comparisons were made using the
Wilcoxon matched-pairs signed-rank test. Differences where P<0.05 were regarded as
statistically significant.

Results
Cardiac morphology

Heart morphometric data obtained from sub-adult C. porosus are presented in Table 1.
The heart mass of C. porosuswas 0.279+0.012 % of body mass and the combined mass of
the right and left ventricles represented 0.232+0.009% of body mass. The compact
myocardia layer made up 42.3+5.9% of the total ventricular mass, the rest constituting
spongy myocardium. The left ventricle had a thicker layer of compact myocardium than
theright ventricle. Theleft ventricle also had agreater supply of coronary vesselsthan the
right. When the coronary system was examined in the paraffin sectionsit was found to be
completely devoid of red blood cells, indicating that the coronary system had been
perfused by the Ringer.
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Table 1. Heart mor phometric data for Crocodylus porosus

Body mass (kg) 1.09+0.07 (7)
Heart mass (g) 3.05+£0.21 (7)
Relative heart mass (%) 0.279+0.012 (7)
Relative ventricle mass (%) 0.232+0.009 (7)
Relative atrial mass (%) 0.048+0.004 (7)
Compact myocardium (%) 42.3t5.9 (3)
Spongy myocardium (%) 57.7£5.9 (3)

Data are presented as means + s.e.m. (N).
The relative masses are expressed as a percentage of body mass.
The outflow tract was removed from the heart before weighing.

Intrinsic properties of the heart preparation

Table 2 summarises the physiological performance data obtained from the heart
preparation. Heart rate varied between preparations (28.5-42.5beatsmin—1). The heart
preparation had an intrinsic heart rate of 33.8+2.0beatsmin~1 when working at
20mI min~1kg~1body mass and at an adrenaine concentration of 5nmol =1 in the
perfusate. The heart rate remained stable throughout the duration of the experiments, with
only small variations due to changesin the right atrium filling pressure.

Response to filling pressure

Increasing the filling pressure to the left atria, via the pulmonary veins, resulted in a
significant increase in RAo flow, which was due chiefly to an increase in Vs (Figs 3A,
4B,C). Left ventricular Vs increased sixfold as input pressure was increased from 0.1 to
0.5kPa. This range of input pressures represented the most sensitive range for altering
Vs (Fig. 4B). Increases in filling pressure above 0.7 kPa had no significant effect on Vs
and RAo flow. The maximum values of left ventricular output and Vs were
39.5+2.3ml min~1kg~1body mass and 1.18+0.09 ml kg1 body mass, respectively. As
left ventricular output increased against a constant output pressurein the RAo (3.5 kPa),

Table 2. Cardiovascular measurements from Crocodylus porosus

Heart rate (beatsmin™1) 33.8+2.0
Maximal cardiac output (ml min~1kg=1body mass) 79.9+35
Maximal right ventricular output (ml min~1kg=1 body mass) 40.5+2.5
Maximal left ventricular output (ml min~1kg~! body mass) 39.5+2.3
Maximal total stroke volume (ml kg~ body mass) 2.58+0.12
Maximal right ventricular stroke volume (ml kg=1 body mass) 1.39+0.09
Maximal left ventricular stroke volume (ml kg~ body mass) 1.18+0.09
Maximal cardiac power output (mW g1 ventricular mass) 1.46+0.20
Maximal cardiac power output (mW kg1 body mass) 3.99+0.22
Maximal right ventricular power output (mW kg1 body mass) 1.73+0.25
Maximal left ventricular power output (mW kg~ body mass) 2.26x0.15

Dataare presented as means + s.e.m. (N=7).
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Fig. 3. Recordings of the effect of (A) increasing the filling pressure in the pulmonary veins
(Ppv) on the flow in the right aorta (Grao) and (B) increasing the filling pressure in the right
hepatic vein (Prryv) on the flow in the pulmonary artery (gpa) and left aorta (GLAo).
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the power output of the left ventricle increased to a maximum of
1.56+0.19 mW kg~1 body mass (Fig. 4D).

Increasing the filling pressure to the right atria, via the hepatic vein, significantly
increased right ventricular output and Vs (Figs 3B, 4B,C). Theright side of the heart was
significantly more sensitive to filling pressure than the | eft side of the heart. For example,
at an equivalent filling pressure of 0.2 kPa, the right ventricular output and Vs were almost
double those of the left ventricle (Fig. 4B). Theincrease in right ventricular output was a
result of both PA and LAo flow. Cardiac outputs below about
20ml min~1kg~1body mass were solely due to PA flow. It was at higher cardiac outputs
that flow occurred in the LAo (Figs 3B, 4C); this despite the LAo output pressure being
1.5kPagreater than the PA pressure.

The maximum total cardiac output for the heart preparation was
79.9+£3.5mlmin~1kg~1 and left and right ventricles contributed equally to this output
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Fig. 4. The effects of increasing filling pressure in the pulmonary veins (i.e. left atrium) and right
hepatic vein (right atrium) on cardiac performance. Output pressureswere 3.5kPafor theleft and
right aortaand 2.0kPafor the pulmonary artery. (A) Heart rate (fH); (B) stroke volume (Vs) of the
left and right ventricles; (C) flow of perfusate from the right and |eft ventricles and from the left
aorta; (D) power output from the left and right ventricles (O right ventricle; @ Ieft ventricle; B | eft
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(Table 2).

The maximum

right

ventricular  output

indicates asignificant difference between the left and right ventricles (P<0.05, N=7).

was 40.5x25mImin~1

kg~1body mass, which was not significantly different from the maximum left ventricular
output (39.5+2.3mlmin"1kg~1, Table?2). Likewise, the maximum right and left
ventricular Vs values were not significantly different from each other. The power outputs
for the two sides of the heart were different, however, as a result of the left ventricle
working against a higher output pressure (Fig. 4D). The pressure in the PA was only
2kPa compared with 3.5kPain the RAo.
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Increasing filling pressure from 0 to 0.5kPa caused an increase in stroke volume and
also an increase in heart rate in six of the seven preparations (Fig. 5A—C). The average
increasein heart rate was 4.5 % (from 34.5 to 36.1 beatsmin—1). If thefilling pressure was
simultaneously increased to both sides of the heart, then an elevation in heart rate
occurred (Fig. 5A). An increase in filling pressure to the right atrium resulted in an
increase in heart rate (Fig. 5B); however, there was no increase in heart rate when filling
pressure was increased in the left atrium (Fig. 5C).

Response to output pressure

Increasing RAO pressure only slightly reduced left ventricular output and Vs over the
output pressure range tested. It was only when the RA0 pressure was increased above
8kPathat amore marked decrease in |eft ventricular output and Vs occurred (Fig. 6B,C).
Heart rate was not affected by RA0 pressure (Fig. 6A). As RA0 pressure increased, |eft
ventricular power output also increased to a maximum of 2.26+0.15mW kg~1 body mass
at an output pressure of 9.5kPa and remained at about this level asthe RA0 pressure was
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Fig. 5. The effect of filling pressure in the pulmonary veins (i.e. left atrium) and right hepatic
vein (i.e. right atrium) on heart rate. (A) Recordings of right hepatic vein pressure (Pruv),
pulmonary vein pressure (Ppv) and heart rate (fH). Heart rate increased when both pressures
were increased together and when the right hepatic pressure was increased and the pulmonary
vein pressure remained at control levels (B). There was no increase in heart rate when the
pressure in the pulmonary veins was increased and the pressurein right hepatic vein remained
at control levels (C).
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elevated to 10.5kPa (Fig. 6D). The right ventricle was subjected to an output pressure
challenge by first raising the PA pressure and then the LAo pressure. Heart rate was not
affected by an increase in output pressure to the right ventricle. Right ventricular stroke
volume and flow did not change significantly until the output pressure was increased
above 5kPa, after which they both significantly decreased (Fig. 6B,C). With regard to
maintaining ventricular output and Vs against an output pressure challenge, the right
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Fig. 6. The effect of increasing the output pressure to the left ventricle (increasein right aortic
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ventricle was significantly weaker than the left ventricle (Fig. 6B,C; Table 2). The output
pressure which could be maintained without a significant decrease in cardiac output for
the left ventricle was 8kPa, whereas it was only 5kPa for the right ventricle. Right
ventricular power output increased to a maximum of 1.73+0.25mW kg~ body mass,
which is significantly lower than that of theleft ventricle (Table 2).

The right ventricular output and Vs dynamics were determined by flows in the PA and
LAO (see Fig. 6C inset). Increasing PA pressure to 3.0kPa caused a significant shunting
of perfusate into the LAo. Shunting occurred even though the LAo pressure (3.5kPa) was
greater than the PA pressure. Once the pressure in PA exceeded LAO pressure, PA flow
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Fig. 7. Effect of occlusion of the pulmonary artery followed by occlusion of the |eft aorta on
flow in the right aorta (Grao), |€ft aorta (GAo) and pulmonary artery (gpa) and on the pressure
in the right aorta (Prao) and pulmonary artery (Ppa). The increase in flow in the right aorta
after the pulmonary artery and left aorta had been clamped is due to flow through the foramen
of Panizza. Foramen flow (Groramen) and the resistance of the foramen (Rroramen) are presented
below the right aortic flow trace.
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ceased and right ventricular output was attributed solely to LAo flow. Shunting of
perfusate from the PA to the LAo did not significantly decrease the right ventricular
output. That is, the initial flow in the PA was not significantly different from the flow in
the LAo once PA flow had ceased.

Fig. 7 shows recordings of the effect of clamping the PA and LAo on the flow
dynamicsin the RAo, LAo and PA. Clamping the PA shunted the blood into the LAo. A
small foramen flow of 4.8mimin—1 from the LAo to the RAo resulted from the PA
occlusion. Clamping both the PA and LAo resulted in the output from the right ventricle
being shunted through the foramen of Panizza and into the RAo. A foramen flow of
22.2ml min—1 was recorded; this is approximately the same as the flow recorded in the
LAo. The foramen had aresistance of 88.7 Paminml —1 at this flow rate compared with a
resistance of 2.6 Paminml—1at 4.8mimin—1.

Discussion

The heart mass relative to body mass of C. porosus was 3.05gkg~1body mass Thisis
similar to the relative heart masses recorded for snakes (3.1 gkg~1; Poupaand Lindstrom,
1983) and the lizard Amphibolurus vitticeps (2.85gkg~1; Else and Hulbert, 1983), but
considerably greater than the heart mass of the tortoise Emydura signata (1.6gkg=1;
C. E. Franklin, unpublished observations). Among the fishes, the relative ventricle mass
is greater in the more active species, such as yellowfin and skipjack tuna, than in sluggish
fish, such as the sea raven (Farrell, 1991). A similar relationship with respect to
athleticism may also occur among the reptiles. Poupa and Lindstrom (1983) found that a
large variation in relative heart mass occurred among the snakes, with the tree snake
Dispholidus typus having a very high heart mass (4.5gkg—1). They proposed that this
may be related to the active and fighting prey they consume, which would reflect their
athleticism.

In situ perfused heart preparation

Thisisthefirst in situ perfused crocodile heart preparation to be devel oped and also the
first of itstypefor thereptiles. The surgical procedures used to perfuse the crocodile heart
subjected the cardiac tissue per se to minimal interference. The heart remained in situ,
and the pericardium was kept intact, both of which maintained the structural integrity of
the heart with its vessel s and surrounding tissue. Furthermore, both the left and right atria
were perfused and all three outflow tracts (RAo, LAo and PA) were cannulated and their
outputs monitored. All previous reptile heart perfusions (turtles) have involved removing
the heart from the body cavity, perfusing only one side of the heart and having only one
outflow tract cannulated (Reeves, 1963a,b; Wasser et al. 1990a,b; Jackson et al. 1991).
Isolated heart preparations, such that as described above, involve suspending the heart in
an organ bath, which results in considerable mechanical and physical manipulation of the
cardiac tissue and this would have a detrimental affect on cardiac performance. Although
this cannot be substantiated among the reptiles, Houlihan et al. (1988) found that the
isolated trout (Salmo gairdneri) heart preparation they used had an inferior performance
to the in situ trout heart preparation used by Farrell et al. (1986). Removal or puncturing
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the pericardium has been shown to have a detrimental effect on cardiac performancein a
range of vertebrates (Janicki and Weber, 1980; Farrell et al. 1988; Franklin and Davie
1991, 1993). The main disadvantage with previous isolated reptile heart preparationsis
that there was only one input and one output; therefore, cardiac outputs are very unlikely
to reach physiological levels. A key feature of the in situ crocodile heart preparation is
that it produced cardiac outputs (determined from the three outflow tracts) that were
similar to those recorded in vivo (Shelton and Jones, 1991) and these flows were
generated at physiological output pressures. Perry and Farrell (1989) stress that perfused
heart preparations must work at physiological pressures and cardiac outputsiif the results
are to be meaningful, especialy if the flow and pressure dynamics of the heart are being
investigated.

The coronary circulation, which arises from the base of the RAo outflow tract, was
perfused as a result of heart perfusion. Transverse sections of heart tissue revealed a
coronary circulation that was devoid of red blood cells. The extent of perfusion and the
flow rate in the coronary vessels were, however, not established. The high Po, of the
Ringer would have assisted in oxygenating the compact myocardium directly via the
lumen of the heart, thus hel ping to offset the possihbility that the compact myocardium was
not effectively oxygenated by the coronary system.

The perfused heart preparation had a stable and intrinsic heart rate of 34beatsmin—1.
Wright et al. (1992) recorded in vivo a mean heart rate of 23.5beatsmin—1 from resting
C. porosusat 25°C. Thelack of aninhibitory vagal tonein the perfused heart preparation,
as aresult of the vagus being cut, could account for the higher heart rate.

The effect of filling pressure

The perfused crocodile heart relied on positive filling pressures to generate
physiological cardiac outputs (vis-a-tergo filling). If the filling pressures to the left and
right atria were reduced to below ambient, flow in all vessels ceased. Vis-a-fronte filling
(suctiona filling) of the atria does not appear to function in the crocodile heart, unlike the
hearts of some fishes, such as dogfish, trout and tuna (see Farrell, 1991). The heart
preparation was exposed to filling pressures ranging from approximately 0 to 0.8 kPa.

The perfused crocodile heart responded to an increase in filling pressure by increasing
stroke volume, as predicted by the Frank—Starling mechanism. This positive relationship
between filling pressure and stroke volume has also been found in the hearts of fishes,
turtles and mammals (Reeves, 1963a,b; Farrell, 1991; Strobeck and Sonnenblick, 1986).
Only low filling pressures were needed to stimulate the heart to produce a physiological
cardiac output. Furthermore, small changesin filling pressure resulted in large changesin
stroke volume; i.e. the heart was very sensitive to filling pressure. The right side of the
heart was more sensitive to filling pressure than the left.

In vivo measurements of venous pressures in crocodiles have not been made, although
Johansen and Burggren (1984) recorded central venous systemic pressures in varanid
lizards that ranged from about 2 to 10cmH20 (approx. 0.2-1.0kPa). It is reasonable to
assume that crocodile central venous pressures would fall within this range (as in indeed
the central venous pressures of most vertebrates do, the exception being some of the
fishes, which have lower pressures). Thus, the filling pressures used in our heart
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preparations are apparently physiological and the marked Starling response operated
within this physiological range. However, the role venous pressure plays in determining
stroke volume in vivo remains to be established, although the intrinsic mechanism exists
in the crocodile heart to augment stroke volume several-fold via the Starling response.

Increasing filling pressure not only elevated stroke volume but also initiated aright-to-
left shunt. A significant flow wasrecorded in the LAo, despite this outflow tract having an
output pressure 1.5kPa greater than the PA outflow tract. The functional basis of the
Starling response is that the force of contraction increases with the length of the muscle
fibre (although beyond a certain sarcomere length, force of contraction decreases, see
L akatta, 1986). Presumably, as stroke volume increased with greater filling pressure, the
force of contraction also increased until the right intra-ventricular pressure exceeded the
pressure in the LAo and a shunt resulted. Shelton and Jones (1991) proposed that
shunting could result from increasing the right ventricular fibre length by increased filling
pressure. Our results support this hypothesis.

Filling pressure also had a chronotropic effect. Increasing filling pressure to the right
atrium increased heart rate, whereas an increase in left atrial pressure failed to increase
heart rate. It appears that increases in right atrial filling pressure are stimulating the
sinoatrial pacemaker to cycle (discharge) at a higher frequency. Heart rate also increases
with filling pressure in mammals, but not in trout heart preparationsin situ (see Perry and
Farrell, 1988).

Effect of output pressures

The left ventricle was relatively insensitive to output pressure (in the RA0) and was
intrinsically capable of maintaining left ventricular stroke volume up to an output
pressure of approximately 8kPa. The right ventricle was significantly weaker, only
maintaining stroke volume up to an output pressure (in PA and LA0) of 5kPa. This
marked difference between the systemic and pulmonary circulations is characteristic of
mammalian hearts also. Ventricular wall thicknessis considerably greater in the left than
in the right ventricle and would account for the difference in maintaining stroke volume.

Right-to-left shunts

Right-to-left shunts have been recorded in vivo in crocodiles during diving and after
intravenous injections of acetylcholine (Grigg and Johansen, 1987; Axelsson et al. 1989).
After acetylcholine injections, Axelsson et al. (1989) found that pulmonary resistance
increased and blood was shunted into the LAo. White (1969) noticed that during forced
dives there was an increase in the resistance of the pulmonary circuit. The shunting of
blood into the LA o isgenerally associated with an increase in pulmonary resistance or, as
proposed by Shelton and Jones (1991), a decrease in systemic blood pressure. In both
cases, it is assumed that the blood travels along the path of least resistance (lower
pressure).

A bradycardia also occurs during forced dives and as a consequence of acetylcholine
injections and may be an important component of shunting. It is conceivable that a
bradycardia could result in an increase in right ventricular stroke volume as a
consequence of an increased filling time; the larger stroke volume generating intra-
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ventricular pressures greater than systemic (LA0) pressure. With a shunt operating, the
systemic circulation would receive a larger contribution of blood which, in turn, would
increase the central venous pressure. Thus, it would be possible to have a shunt without a
change in systemic or pulmonary pressure, the shunt being mediated by changes in
systemic venous pressure initiating a Frank—Starling response.

Flow through the foramen of Panizza

Under our control conditionsin thein situ perfused heart, no flow occurred in the LAo.
Thisiscontrary to resting conditionsin vivo in the crocodilians, where L Ao flow accounts
for approximately 1-3% of total cardiac output and is due to flow through the foramen of
Panizza; i.e. from theright aorta to the left aorta (Axelsson et al. 1989; Shelton and Jones,
1991). LAo pressure was the same as RA0 pressure; thus, the additional resistance the
foramen of Panizza incurs would inhibit flow in the LAo. However, flow through the
foramen of Panizza from the RAo to the LAo did occur when LAo pressure was
marginally lower than RA0 pressure.

Grigg (1989) proposed that areverse foramen flow (flow from the LAo to RAo) might
be possible if the pulmonary perfusion ceased atogether. In this scenario, if the
pulmonary perfusion was stopped, no blood would return to the left ventricle and the
systemic circulation would be driven by the right ventricle, cardiac output occurring in
the LAo and RA0. Asshownin Fig. 7, this hypothetical pathway suggested by Grigg can
occur, although its relevance or whether it actually occursin vivo isyet to be determined.

In summary, the cardiac dynamics of the crocodile heart is perhaps the most complex
of al vertebrates. Distribution of the cardiac output between the three outflow tracts
shows that extreme flexibility and a range of completely different flow patterns and
regulatory mechanisms exist. The in situ perfused crocodile heart preparation gives an
insight into the cardiovascular possibilities which could occur in vivo and which remain
to be substantiated or disproved in the future.

This work was performed in Gordon Grigg’s Physiological Ecology Laboratory at the
University of Queensland. We offer our sincere thanks to Gordon for providing us with
the facilities and encouragement to do this work. Crocodiles were obtained from the
Edward River Crocodile Farm, Pty Ltd, and thanks go to Victor Onions and Don Morris.
C.E.F. was a University of Queensland Postdoctoral Fellow at the time of this study.
M.A. received a travel grant from Wennergren Centre Foundation for Scientific
Research.
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