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Summary

Basal performance, volume loading response and
oxygen consumption were determined in a resistance-
headed preparation of the isolated trout heart. Two
groups of hearts were used: the +CF group, in which the
coronary vascular tree was perfused with a flow directly
related to the pressure generated by the heart, and the
—CF group, in which the coronary flow was set to zero. As
a criterion for setting basal performance, the atrial input
pressure was set in order to induce the ventricle to
produce a cardiac output of 15ml min—1kg-1 Once basal
conditions were obtained, the preparation was perfused
for 30 min, and atrial and aortic pressure, cardiac output,
heart rate, coronary pressure and coronary flow were
determined at 5min intervals. At the onset of perfusion,
there was no difference in the basal performance between

with a stepwise increase in preload in order to obtain
maximal stroke work (volume loading). The effect of
coronary perfusion on the heart's response to volume
loading was highly significant: the stroke work—preload

relationship was significantly shifted towards higher
preload values in the —CF group. Also, the maximal work
produced by the heart under the experimental conditions
used was lower in the —CF group. Rate of oxygen
consumption of the heart increased significantly with
volume loading, from a basal value of approximately
20l O2 min~1g-1 to approx. 40pl O2 min—1g-1, but was

not significantly affected by the absence of coronary
perfusion. Mechanical efficiency under basal conditions
was approximately 17%, but was not affected by either
volume loading or coronary perfusion. Taken as a whole,

the two groups: the same preload was necessary to get the these data represent direct evidence of the effect of

same cardiac output in both perfusion groups. None of the
other performance parameters determined were different.
However, after only 5min of perfusion, the —CF hearts
displayed significant adjustments, with increased atrial
preload and ventricular preload (mean atrial pressure),
and a significant decrease in cardiac output. At the end of
the 30min basal perfusion period, hearts were challenged

coronary perfusion on the mechanical performance of the
trout heart, but also show that these effects are limited by
significant self-adjustments that occur in the heart.

Key words: heart, trouDncorhynchus mykissoronary circulation,
volume loading, mechanical efficiency.

Introduction

The majority of teleost fish rely on venous blood for oxygen As only part of the myocardial tissue is supplied by coronary
and nutrient supply to the heart. In these animals tharteries, it is likely that the fish heart does not have an
myocardial tissue has a spongy, trabeculated architecture, witiligatory dependence on its coronary blood flow (Farrell,
specific biochemical and mechanical characteristics (Rodnick002). Only the skipjack tuna heart, whose ventricle contains
and Williams, 1999; Ewart and Driedzic, 1987; Ewart et al.up to 60% of compacta, is thought to be obligatorily dependent
1988; Tota, 1983; Agnisola and Tota, 1994). However, onen its coronary circulation (Farrell et al., 1992). On the other
third of teleost species, including salmonids, scombrids andand, there are several indications that coronary circulation
anguillids, possess an outer layer of compact myocardium is essential under conditions of both hypoxia and intense
the ventricle. This layer requires a blood supfitya dedicated swimming activity. In trout, coronary flow can increase during
vascular tree, the so-called coronary system, which usuallgxercise or hypoxia (Gamperl et al., 1994), and coronary
originates from the branchial efferent, bringing arterious bloodigation resulted in a reduced proportion of compact
to the heart (Farrell and Jones, 1992). myocardium together with a decrease in a series of metabolic
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enzymes (Farrell et al., 1990; Gamperl et al., 1994). Moreover, Dissection and preparation of the isolated trout heart

the long-term significance of coronary circulation was Fish were injected with heparin (#1l kg2 of a 0.9% NacCl
demonstrated by the fact that arteries can grow around tR@|ution containing 3CQnits heparirml~2) in the caudal vein
ablation site in 14 days (Farrell et al., 1990). The modulatiognd killed by a quick blow on the head. The thorax was cut
of coronary flow under conditions of hypoxia or swimmingopen and after removing the pericardium the entire heart was
suggests a neurohumoral and/or local regulation of thgissected out. The atrium, ventral aorta and coronary artery
coronary resistance and consequently of the perfusion of thgere cannulated as previously described (Mustafa et al., 1992;
myocardium. Although the mechanism for such regulation Agnisola et al., 1994). The isolated heart was pre-perfused with
vivois not known, a number of studigsvitro suggest that a jce-cold saline solution during the cannulation procedure to
complex interaction between various circulating and paracringlear the blood from the lumen and coronary arteries. The
factors is involved (Mustafa et al., 1992; Mustafa andentire procedure from opening of thorax to coronary
Agnisola, 1994; Agnisola et al., 1996; Mustafa and Agnisolagannulation took approximately h8in. After cannulation the

1998). heart was mounted in the perfusion chamber.
There is no direct evidence for the mechanical significance '
of compacta perfusion. Information on the interplay between The experimental set-up

coronary physiology and ventricle performance in teleosts is The perfusion chamber, a double-jacketed chamber similar
derived fromin situ andin vitro work. One limitation of these to that previously described (Houlihan et al., 1988; Agnisola
studies is that in all the preparations used, the heart was al., 1994), was connected to a water bath (RM6 Lauda,
working against a fixed pressure (pressure head) rather thBlRR.WOBSER GMBH & Co. KG, Lauda-Koénigshofen,
against a resistancén vivo, aortic pressure and flow result Germany), which maintained a chamber temperature of
from the matching of vascular resistance and the capacity a0+0.5°C. The input and output reservoirs were at the fixed
the heart to produce force and then to move blood. This canniegights of 7m and 1@&m from the level of saline in the
be simulated under pressure-héeaditro conditions, where the chamber, respectively, and were connected to each\athar
heart is constrained by the need to produce a minimal constagthall tube as described by Agnisola et al. (1998) (Big.
pressure in order to get flow. Also, coronary flow can barelwhich enabled perfusion of the isolated heart wittmB®mf
be synchronised with heart requirements, somethingithat recirculating saline. The input and output loadings on the heart
vivo is self-accommodatedsia changes in the pressure were set through resistances according to Agnisola et al.
generated by the heart and local, paracrine and/or metabo(it998). Briefly, the input loading on the heart was set by a
mechanisms. The aim of the present study was to define thariable resistancdy() and the saline level difference between
role played by a well supplied compacta in fish hearthe input reservoir and the heart. Output resistance was set by
performance using a simple protocol (with or without coronary fixed resistanceR() in the output tube (a teflon tube 1218
perfusion) in arin vitro preparation in which the isolated trout long, 0.5mm i.d.). The input to the coronaries waa a side
heart was working against a resistancénasvo, and with the  arm on the output tube befdRg, and a constant resistané,(
coronary flow related to the ventricular function on a beat-toeonsisting of a nylon tube Ifn long, 0.3nm i.d.) allowed
beat basis. The results provided evidence for some selfhe coronary input pressure to be directly related to the pressure
regulating properties of the teleost heart. generated by the heart. The experimental set-up was placed in
a refrigerated cabinet set at 10°C. No detectable temperature
changes occurred while opening and closing the glass door of
i the cabinet.
Animals Once mounted in the perfusion chamber, the heart was

Rainbow trout Oncorhynchus mykis§Valbaum of both wrapped with a transparent plastic film. Although not properly
sexes were obtained from a local fish farm (Randbgldakimulating a pericardium (no negative preload was generated),
Denmark). Fish were held in 400 liter tanks with runningthis procedure avoided overstretching of the atrium during
tapwater at 12+0.5°C under an artificial £22h L:D  volume loading of the preparation.
photoperiod. They were fed 3 times a week with commercial The saline in the input and output reservoirs was gassed with
trout pellets and allowed to acclimatize for 10 days prior t®9.5% G and 0.5% C® throughout the entire experiment,
experiments. A batch of 29 animals was used for this studyaking care not to trap any air bubbles in the system. The
The mean mass of the animals was 0.375+0kQ1(t s.em.).  perfusate was Cortland saline (Wolf, 1963) as modified by
The animals were divided into two groups: +CF, used to obtaiRarrell et al. (1986) and Farrell (1987), of composition
an isolated heart preparation with perfusion of the coronarin gl-3): NaCl, 7.25; KCI, 0.23, MgS{IH,O, 0.23;
system (mean animal mass 0.362+0.R45 mean ventricle NaHPQyB,0, 0.016; NaHP@2H,O, 0.28; glucose, 1.0;
mass 0.297+0.01g), and —CF, used to obtain an isolatedpolyvinylpyrrolidone (PVP) 10.0; Cagl2H.0, 0.37; the pH
heart preparation without perfusion of the coronary systerwvas adjusted to 7.9 at 10°C with NaHE@pprox. 1g -3).
(mean animal mass 0.393+x0.0d mean ventricle mass
0.327+0.017). There was no significant difference in animal Measurements and calculations
or ventricle mass between the two groups. Atrial pressure was measured through a small saline-filled

Materials and methods
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Fig. 1. Scheme of the perfusion apparatus and pressure recording set-up. The heart was working against a resistance, rethdting from
combined effects oR, (= 6 TPasm3) andR: (= 30 TPas ) (i.e. the reciprocal of the sum of the conductances of the aortic tube and the
coronary tube); however, &>>R., afterload was depending mainly frdRs. The variable resistand® allowed us to set input pressure and

flow. Input and output reservoirs were set at 7 andniOrespectively, above the level of saline in the perfusion chamber. Pressures from the
chamber (1), the atrium (2), and from saline filled tubes placed upstream (3) and downstrearR(4anaf downstreani; (5), were
sequentially acquiredia a set of computer controlled valves connected with a pressure transducer. Inset: typical pressure trace recorde
upstreanR, (3) under basal perfusion conditions.

rigid tube, the side arm of the atrial-cannula support in thé0. Stroke work \'s; mJg1) was calculated ag?Ox60/fH.
chamber wall, connected with the pressure transducer (BaxtéZpronary resistanceRf; TPasm—3 (note that T=tera=16)]
USA). Aortic and coronary pressures were measured throughas calculated a®c (kPax0.06/c (ml min-1). The factor
saline-filled side arms connected to the pressure transduc@r06 is necessary to convert coronary flow tcsrthland
Pressures were acquired sequentially atirb intervals from  pressure to TPa (Mustafa and Agnisola, 1998).

chamber, atrium and saline-filled tubes placed upstream andOxygen consumption of the heart was determined as
downstream ofR; and downstream OR;, via a computer follows: Vo, = (Pio,—Poo,) x aw,0, % Q, wherePio, is the
controlled set of valves (Fid). The inset in Figl is a typical  inputPo,, Poo, is the outpuPo,, ow,o, is the oxygen solubility
pressure trace recorded upstreanRefaortic pressure), and of the saline (mDz1-1gY), andQ is the cardiac output in
shows that the pressure pulse was very similar to that usualigl min-1g-1. Oxygen partial pressurdq,) was measured
recordedin vivo (Holeton and Randall, 1967; Wood and using a 16-730 oxygen electrode (Microelectrodes, Inc.,
Shelton, 1980). Pressures (kPa) was measured using tBedford, NH, USA) thermostatted at 10°C. The sensor was
pressure in the perfusion chamber as reference. Atrial preloadlibrated with sodium sulphite/borax solution for z&s,
(end-diastolic atrial pressurédla) and ventricular preload and with air-equilibrated saline for 20.94% oxygen. Linearity
(mean atrial pressurdlv) were determined from the atrial of the sensor response up to 100% oxygen was checked, and
pressure recordings. Corrections were made for aortic arile percentage properly converted to oxygen partial pressure
coronary cannulae resistances to obtain afterload (= medim mmHg). Mechanical efficiency of the heart (i.e. the ratio
aortic pressure) and coronary input pressure (= mean pressinetween mechanical work and energy consumption, expressed
in the coronary arteryPc), respectively. At the end of each as %) was determined as: 20(P0x0.0498)x Vo,, wherePO
experiment, the ventricle was dissected, blotted dry ani$ the power output in mW ando, is the rate of oxygen
weighed. Heart ratef{; beatamin-l) was determined from consumption in miin~! [assuming that W s (1 mJ) is
pressure records. Cardiac outpWd; (ml minlkg?) and equivalent to 0.0428l O2 min-! (Davie and Franklin, 1992)].
coronary flow Fc; ml min-1kg1) were calculated from the We also assumed that the heart mainly worked aerobically, so
fall of mean pressure (calculated from the pressure dathat the energy source of the heart was considered proportional
acquired over a period of H) throughR, andR, respectively. to the oxygen consumption.

Stroke volume Vs; mlkg?) was determined by the

relationshipQ/f. The power outpuRO; mW g-2) of the heart Experimental protocols

was calculated as: [(afterload — preload) (kRajQ+Fc)  Basal conditions

(mImin~1kg™) x animal massNa) / ventricle massMy) / After mounting the isolated cannulated trout heart in the
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chamber, and putting an input load on the atrium, the hea 0.4+
started working against the fixed resistance, recirculating tt
50 ml saline solution. Any leaks in the heart were discovere:
by a decrease in the saline level in the input reservoir and the
hearts were discarded. The isolated working heart was left fc
a period of at least 3@in to stabilize, i.e. when the heart had
settled into regular beating. Hearts that did not stabiliz
were discarded. At the end of the stabilization period, th
cardiac output was adjusted to approximatelynl &nin-1 kg1
(Houlihan et al., 1988; Agnisola et al., 1994) by changing thi
variable input resistanc&. As soon as a basal cardiac output
was obtained, automatic recording of pressure atin5
intervals was begun; seven determinations were made for
total period of 3Gmin perfusion under basal conditions. At the
end of this period, the oxygen consumption of the heart we
determined.

Atrial pressue kP9
o =
Y g

o
[
I

Volume loading : :

T
At the end of the 3tnin period of perfusion under basal 0 10 20 30
conditions, the filling pressure was increased (by varifing Time (min)
in seven steps of Min each and the pressure measured at each . . . )
. Fig. 2. Atrial (squares) and ventricular (circles) preload values during
step. When maximal stroke work was reached, oxyges

consumption was measured again.

Omin perfusion of the isolated working trout heart under basal
conditions, with (+CF, open symbols) and without (-CF, closed
. symbols) coronary perfusion. At time O the atrial preload was set in
Statistics order to get a cardiac output of about mBEmin-tkgL Any
All values are means £e.m. One-way analysis of variance successive change indicates a self-adjustment of the heart. Two-way
(ANOVA) was used to test the time course of the effecANOVA indicated a significant difference between +CF and —CF
of different parameters during basal perfusion. Two-waydata P<0.01) in both parameters. Repeated-measures one-way
ANOVA was used to analyse the Changes in stroke WOH‘ANOVA and DUnnetpOSt-hOCteSt applled to —CF data indicated a
ventricular preload and afterload during volume |0adingsignifica_1nt _increase in poth atrial and ventricular preloaurbafter
P<0.05 was taken to indicate statistical significance. Statisticl"® P€ginning of perfusiorP0.05).
were performed with GraphPad Prism (GraphPad Softwar
Inc., San Diego, CA, USA).
not statistically significant. There was no difference in
afterload and heart rate between the two groups 8&y.
Results In the +CF group, coronary performance, as evaluated by
Effect of coronary perfusion on basal atrial performance coronary pressure, flow and resistance values, was constant
In the +CF group of hearts, the initial atrial preloadthroughout the 3@nin perfusion period under basal conditions
necessary to get a cardiac output of aboumllginlkg? (Fig.4).
was 0.15+0.0kPa (Fig.2). Once set, this parameter did not
change significantly during the successivar80 of perfusion. Effect of coronary perfusion on the heart's response to
At this load, the atrial performance remained constant with a volume loading
mean atrial pressure (ventricular preload) that did not change At the end of the 3fin period of basal perfusion, hearts
from the initial value of 0.26+0.0RPa. Fig.3 shows that the were challenged with a stepwise increase in input pressure,
ventricular performance parameters also remained constantwith consequent increases in atrial and ventricular preloads
the initial level throughout the 3@in of basal perfusion. (volume loading). The stroke work—preload curves determined
In the —CF group, although the initial set of atrial preloadn the two experimental groups are shown in Bigvolume
was not significantly different from that of the +CF group, thdoading induced a doubling of stroke work in both groups,
atrium adjusted within &in to a significantly higher preload although the overall response was significantly affected by the
value (Fig.2), which remained constant during the remainingperfusion of coronaries. In the +CF hearts the curve was
perfusion period at the basal setting. As a consequence, mesignificantly shifted left: higher stroke work values were
atrial pressure also increased up to aboutkP&@ The obtained at lower preloads. Also, the maximal stroke work
increased preload in the —CF group of hearts was associatealue observed was lower in the —CF hearts (3.3640.B35 1)
with a significant reduction in cardiac output and power outputhan in the +CF hearts (3.77+0.28/g™Y). The coronary flow
(Fig. 3A). Stroke volume and stroke work were consistentlyin the +CF group of hearts remained constant during volume
lower in the —CF hearts (FigB), although the difference was loading (Fig.5, inset A), while there was a significant
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Fig. 3. Ventricular performance during 8@in perfusion of the isolated working trout heart under basal conditions, with (+CF, open symbols)
and without (—CF, closed symbols) coronary perfusion. (A) Cardiac output (circles) and power output (squares); (B) st@keinabdsinand
stroke work (squares); (C) afterload (circles) and heart rate (squares). Two-way ANOVA indicated a significant difference-G&taed

—CF datal<0.01) for cardiac output and power output only.

enlargement in coronary resistance that increased from a bapaéssure values were 6.14+032a and 9.94+0.5&Pa,

value of 0.30+0.09Pasm=3 up to 0.91+0.3dPasm=3 at  respectively. In the —CF group, diastolic pressure augmented

maximal loading (significant change; repeated-measures onttem the basal level of 3.28+0.4Pa up to 4.68+0.4KPa at

way ANOVA, P<0.05). the maximal volume loading. The corresponding systolic

It is worth noting that in our resistance-headed preparatiomressure values were 6.25+0% and 9.78+0.98Pa,

volume loading induced increases in both stroke volume angspectively. So, there was an approximately 70% increase in

aortic pressure. As can be seen in bjginset B, coronary pulse pressure in both groups, associated with a corresponding

perfusion did not significantly affect pressure generation. Isignificant increase in stroke volume, which then accounted for

both the +CF and —CF hearts, there was a significant increas®st of the increase in stroke work during volume loading.

in afterload (about 40%). This increase was associated withRulse pressure and stroke volume were consistently lower in

significant increase in both diastolic and systolic aortiche —CF hearts (data not shown).

pressure, with no significant differences between +CF and —CF

hearts. In fact, in the +CF group, diastolic pressure increased Effect of coronary perfusion on oxygen consumption and

from the basal level of 2.98+0.k®a up to 4.45+0.2RPa at mechanical efficiency of the trout heart.

the maximal volume loading. The corresponding systolic The total oxygen consumption and the mechanical
efficiency of the heart measured under basal perfusion
conditions and at maximal volume loading are shown irn@zig.

4 25 In both +CF and —CF hearts, volume loading induced a
significant increase in rate of oxygen consumption, from a
g % 3 20 s o basal level of approximately 20 O; min-1g to approx.
g e HW_W .. 8 &  40u O2min-lglat maximal volume loading. In both groups,
2B £ 15355 basal mechanical efficienc bout 17% and t
283 5l 27 y was abou 6 and was no
858 110 B'E affected by volume Iloading. Neither rate of oxygen
%gb H——H——}—}——H 8§ E  consumption nor efficiency were affected by coronary
o< 19 L05  perfusion.
o 55 o 5=
0 T T T T 0
0 10 20 30 Discussion
Time (min) The heart is an organ with complex self-regulating

Fig.4. Coronary flow (filled circles), pressure (open circles) and°rOPerties, in which the interaction between myocytes,
resistance (open squares) duringn@ifi perfusion of the isolated COronary vasculature and neurohumoral factors play a central

working trout heart under basal conditions in the +CF group ofole (Kresh and Armour, 1997). The self-regulating
hearts. One-way ANOVA indicated that these three parameters wergaechanisms of the heart are tuned to provide a cardiac output
not dependent on perfusion time. that is constantly adequate for the demand, and are constrained
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by the continuous need to match heart func 5-
with the compliance and resistance propertie s A
arterial vessels (Berne and Levy, 1992). z7
A main feature of the present study is the S5 101 m
. . 44 <&
of a resistance-headed isolated heart prepar. §E o5
In this preparation, the actual aortic pressure SE ]

flow result from matching a fixed resistan&g)(
simulating the peripheral resistanicevivo, and
the intrinsic capacity of the heart to produce f
and then to move the perfusion saline (Agni
et al., 1998). The resistance-headed conditio
occursin vivo, was hereby reproduced. M
importantly, in this set-up the coronary flow v
continuously and automatically linked to -
pressure generated by the heértvivo, ventral 1
aorta pressure and gill resistance determine , ,
driving force for coronary perfusion (the coron 02 03 04 05
pressure), a situation that was reproduced ir Ventricuar preload (kPa)
perfusion set-up we used thanks to the f
resistanceRc. This allowed maintenance of t T T
intrinsic and reciprocal interactions betw: 0 01 02 03 04 0.5
ventricle and coronaries on a beat-to-beat bas Ventricular preload (kPa)

occursin vivo. While lacking the potential

0 . :
34 02 03 04

Ventricular preload (kPa)

Stroke work (ml mJ g-1)

Afterload (kPa)
oppesao®
L)

dissect the role of single specific features on | Fig. 5. Volume loading of the isolated working trout heart with coronary perfusion
included (+CF, open circles) or excluded (—CF, filled circles). Two-way ANOVA

performance (e.g. the effect of 'pressure load indicated a significant effect of both coronary perfusiBr0(01) and preload
the resistance-headed preparation that we us¢  (p<0.001) on stroke work. (Inset A) Relationship between coronary flow and
allow the isolated heart preparation to exp  preload in the +CF group. One-way ANOVA indicated no-significant effect of
some of the intrinsic self-regulating mechani:  preload on coronary flow. (Inset B) Effect of ventricular preload on afterload of
that determine the heart's global pump func  the isolated working trout heart with coronary perfusion included (+CF, open
in vivo (Kresh and Armour, 1997). Thus, tl circles) or excluded (-CF, filled circles). Repeated-measures one-way ANOVA
preparation is well suited for the study of indicated a significant effect of preload on afterload in both groups. Two-way
relative significance of a well-perfused comp: ~ ANOVA indicated no significant effect of coronary perfusion on afterload.

on trout heart performance.

The basal performance of the resistance-he
heart with the perfused coronary vascular tree (+CF group) wasitput, and higher than tirevivovalues (1-2%, Axelsson and
close to that of a similar preparation previously reportedrarrell, 1993; Gamperl et al., 1994), probably because both the
(Agnisola et al., 1998), and similar to thatiofsituor in vitro  viscosity and oxygen content of saline were low compared with
pressure-headed preparations (Farrell et al., 1986; Houlihan ldbod.
al., 1988; Davie and Farrell, 1991; Davie et al., 1992). As no The absence of a coronary supply did not affect the heart
attempt was made to simulate the role of the pericardium irate and pressure generated by the heart, but significantly did
determining absolute values of atrial preload (Farrell et alaffect the heart’'s capacity to maintain basal cardiac output,
1988), the input pressure necessary to get basal cardiac outputially set at 15mlmin~tkg-1, resulting in a significant
was higher than the ambient pressure (approxkPa), and reduction in the heart’'s power output. This result suggests that
similar to that reported previously for both pressure-headedoronary perfusion was significantly affecting cardiac
(Houlihan et al., 1988) and resistance-headed (Agnisola et at.ontractility. However, the consequences of this effect were
1998) isolated trout heart preparations. The pressure generagggparently limited by self-regulating mechanisms, which led
by the heart was similar to that reporiedvivo in the trout to a significant increase in preload whialia the Starling
ventral aorta (Kiceniuk and Jones, 1977; Wood and Sheltomechanism, would oppose the stroke volume reduction. This
1980), while the coronary pressure was somewhat lower thanay explain the non-significant, although consistent, reduction
thein vivo dorsal aorta pressure (Kiceniuk and Jones, 1977n stroke volume and stroke work.
Gamperl et al., 1995). This was probably a consequence of theThe dependence of cardiac contractility on a well-supplied
lower coronary resistande vitro with respect to the value  compacta was confirmed by the response of hearts to the
vivo, due to the lower viscosity of saline with respect to bloodrolume-loading protocol. This was accomplished by a stepwise
(by a factor of 2.5-3.5; Farrell, 1987). In agreement withincrease in input pressure, with no attempt to control other
previously reported datén vitro (Agnisola et al., 1998; parameters. In particular, as the heart was working against a
Houlihan et al., 1988), coronary flow was 2-5% of cardiadixed resistance, the increase in atrial preload caused a
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504 A C_1+CF maximal, although not precisely optimised. An interesting
I -CF result of the present study is the apparent independence of
404 mechanical efficiency from volume loading. This contrasts
with previous data, obtained using pressure-headed fish heart
304 preparations (Farrell and Steffensen, 1987; Davie and Franklin,
1992), showing lower efficiency at lower loads. It is possible
204 that the combined effects of the increased stroke volume
(which should increase efficiency; Shipke, 1994) and afterload
10- (which may decrease efficiency; Shipke, 1994) would help to
maintain efficiency at a constant, nearly optimal level. On the
0 other hand, neither oxygen consumption nor efficiency were
Basal Volumeloading affected by coronary perfusion. This result, which contrasts
with the reduction observed by Houlihan et al., (1988) on a

301 B [_1+CF pressure-headed preparation, may in part reflect the fact that
= -CF coronary perfusion did not affect afterload and heart rate, two

major determinants of oxygen consumption in fish (Farrell and
20 | Jones, 1992). However, it may also indicate that the interplay
and integration of the different homeodynamic mechanisms
operating in the heart, help control its energetics under a wide
range of variations of extrinsic and intrinsic factors, including
coronary perfusion.

Vo, (HI O min-t g2)

10

Efficiency (%)
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