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" PREFACE

OuRr purpose in selecting the theme of acute myocardial ischaemia
for the Seventh International Pfizer Symposium was twofold. First,
knowledge of the effects of acute ischaemia on myocardial meta-
bolism, electrophysiclogy and contractility has been accumulating
rapidly in the last five years but there has been little opportunity
for investigators working in different disciplines to meet together
and discuss this subject in depth. Second, and no less important.
there is a need to integrate and report as a whole much of the work
which has recently and will shortly be published in specialized
journals. It is hoped that this book will achieve this purpose.

It may be a surprise to the clinical cardiologist to realize how
ill understood are so many of the basic mechanisms related to, for
example, angina or ventricular fibrillation. But, on reflection, this
will seem less unexpected if it is remembered that it has only
recently been possible to measure changes in myocardial blood flow
and action potential in the intact contracting heart, to estimate
myocardial enzyme and amine concentration, to record the-events
leading to the onset of ventricular fibrillations, to measure substraic
exchange across the myocardium, to determine what influences the
requirements for myocardial nutrients and to analyse myocardial
contractility. Many questions, currently unanswerable, are raised
throughout this book and so a further aim should be achieved.
This is the catalysis, provocation and reassembly of ideas so that
more work on myocardial ischaemia will result.

K. W. DONALD
M. F. OLIVER
D. G. JULIAN
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ISOLATED HEART PREPARATIONS
J. A. O'BRIEN

THis paper is concerned with the problem of the measurement of
the metabolic activity of the isolated rat heart and with the proper-
ties of the preparation in controlled hypoxia.

Changes occur in the properties of the isolated rat heart during
the initial period of perfusion. Oxygen upiake.' the permeability
to non-metabolized sugar in the absence of insulin,”” Jactate out-
put and, in some circumstances, glucose uptake® decrease to
constant rates. The period of change may be as short as 15
minutes in the case of oxygen consumption but as long as one hour
for glucose uptake by heurts taken from fed rats. It is the practice in
many laboratories to perfuse hearts for between 5 aid 20 minutes
before making any experimental measurements but change in pro-
perties may still occur subsequently. Estimates of the average meta-
bolic rates over 30 minutes may therefore be misleading. Over short
periods when a closed circuit system of recircufating perfusate is
used a compromise must be struck between the difficulties of pre-
cisely measuring small changes in the amount of substrate and
those of the interpretation of estimates made when the composition
of the perfusate changes rapidly. The compromise favours the use
of substrate concentrations high cnough to make the rate of meta-
bolism independent of changes in concentration. Such concentra-
tions may be unphysiological.

Muany of these problems can be overcome in a system of per-
fusion in which a substrate is infused steadily into recirculating
perfusate whose volume is kept constant by withdrawal at a rate
equal to infusion. An apparatus for this purpose has been described
in detail by Fisher and O'Bricn.' In this system the instantaneous
rate of metabolism is given by the equation:

. . dv
v=i{lu—x)-P-=
a—X) dr

where v is the rate of substrate utilization, { is the rate of infusion.
a1s the concentration of the infused substrate, v is the concentration
of substrate in the perfusate. P is the volume of recirculating per-
fusate and 1 is the time.



O’BRIEN

By the application of the above equation to perfusate collections
made at regular short intervals (2 to 5 min) the uptake by hearts of
glucose at physiological concentrations has been followed in detail
and it has been shown that in the absence of insulin it decreases
smoothly to an almost constant level and that, once this has hap-
pened, the perfusate concentration also moves in an exponential
fashion to a constant level. In the presence of sufficient insulin,
glucose uptake is consiant from the beginning of perfusion, and
perfusate glucose concentration reaches a steady state concentration
in a relatively short time thereafter.

The decrease in glucose uptake rate in the absence of added
insulin is probably due to the decrease in effective insulin in the
perfusion system, since in the presence of adequate insulin there is
no sign of any other cause of decrease. If this is right, then it takes
30 to 60 min after preliminary washout to bring insulin activity
down to a negligible level.

With this system no arbitrary assumption has to be made about
when the state of the heart becomes basal, and there is one other
substantial advantage, namely, that there is no lower limit to the
substrate concentration which can be used other than those imposed
by analytical methods, so that the system can be used to study very
rapidly turning over metabolites. Glucose metabolism has been
studied over the range 0-02 mM to 10 mm (0-4 to 180 mg/100 ml).
At the lowest concentration the rate of uptake by the heart each
hour is equal to ten times the glucose content of recirculating per-
fusate.

The apparatus of Fisher and O’Brien has been adapted to allow
controlled variation in the oxygen tension presented to the heart.
Figure 1, 1 depicts the modification. Infusate is introduced into the
lead carrying perfusate to the heart. Two perfusates are used, one
equilibrated with 5 per cent CO, in oxygen, the other equilibrated
with 5 per cent CO, in nitrogen. One of them is used for recirculation
and the other for infusion. With variation of the infusion rate this
allows any arterial oxygen tension to be established'in the range 10
to 700 mmHg. The oxygen tension can be altered almost instan-
taneously by adjusting the infusion rate.

Flow-through oxygen electrodes are placed before and after the
point of infusion. From the oxygen tensions determined at these
points and the rate of infusion the coronary flow can be calculated.

22



ISOLATED HEART PREPARATIONS

A third electrode measures the oxygen tension of the effluent from
the heart so that the oxygen consumption can be estimated. The
arrangements for gaseous exchange in the apparatus are sufficient to
re-equilibrate the recirculating perfusate in one passage.

\

RESISTANCE
1 INFUSATE
HEART
> [ P> B > > >
! ! CHAMBER 3
A
FILTER

1

. FiG. 1, 1. Diagram of the modification of the apparatus of Fisher and
O'Brien* for the study of the hypoxic heart. E,, E, and E, are oxygen
electrodes.

Preliminary experiments have been made with this system on the
effect of insulin and hypoxia on oxygen consumption and glucose
utilization. The infusate glucose concentration was 4 mm and the
steady state concentration was never less than 3 mm at which level
glucose utilization by the aerobic heart is maximal. Insulin, when
used, was present at 100 mU/ml or 2 mU/ml and the perfusion
pressure was always 40 mmHg. The stability of the rates of oxygen
consumption, coronary flow and glucose uptake at any one level of
hypoxia was indicated by the constancy of the outputs from the
oxygen electrodes and the analysis of the time-course of the per-
fusate glucose concentration. -

Figure 1, 2 shows that even at arterial oxygen tensions much
higher than physiological, the oxygen uptake is dependent on °
oxygen tension, but that it tends to decrease less sharply in the
presence of insulin. Figure 1, 3 shows that in the presence of insulin

-
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oxygen uptake is sustained until the venous oxygen tension corres-
ponds to u true anoxia. but that the decrease in oxygen uptake in
the absence of insulin occurs long before the heart is truly anoxic.

The presumption is that the determining factor is the ability of
the heart to oxidize glucose at a given oxygen tension. Preliminary
cxperiments have shown that the oxygen uptuke falls at least as
much in the absence of glucose as in its presence and that insulin
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FiG. 1. 2. The relationship between arterial oxygen

tension and oxygen consumption in the presence and

absence of insulin. The data were obtained from
15 hearts.

does not then restore the oxygen uptake. The sustaining effect of
insulin therefore seems to be due to an increase in the rate of
oxidation of exogenous glucose. At the lower insulin concentration
(2mU/ml) the same sustaining effect is seen.

The effects of insulin and hypoxia on glucose utilization are shown
in Figure 1, 4. Glucose uptake is stimulated by insulin at all degrees
of hypoxia and is markedly increased when the oxygen tension of the
effluent from the heart approaches zero. If the oxygen consumption
equivalent to the complete oxidation of the glucose uptake of the

4
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heart is calculated, the increase in the equivalent oxygen consump-
tion due to insulin is of the same order as the maximum difference
in oxygen consumption sustained by insulin (Fig. 1, 3). This is
consistent with the notion that insulin increases the rate of oxida-
tion of exogenous glucose. It is implicit that the oxidation of endo-
genous substrate must limit oxygen consumption by the hypoxic
heart in the absence of insulin.

1600 -
1L00

1200

800

600 / ° With Insulin (100 mU/ml)
° l/. * Without Insulin
L00 /

OXYGEN CONSUMPTION ( p moles/g dry weight/ hr )

200+

0 100 150 200 250 300 30 400
EFFLUENT p0, (mmHg)

FiG. 1, 3. The relationship between the oxygen tension

of the coronary effluent and oxygen consumption in the

presence and absence of insulin. The data were obtained

from 15 hearts.

The effects of insulin on oxygen consumption can be interpreted
as being secondary to an increase in the cell permeability to glucose.
Anoxia has also been shown to increase permeability to non-meta-
bolized sugars.” The effects of hypoxia on the rates of glucose
uptale are consistent with these observations. but they suggest that
the effects of hypoxia and insulin are additive. Estimates of the
parameters of glucose permeation from an analysis of the kinetics
of the glucose utilization by the aerobic rat hearf indicate that the
maximum rate of permeation in the presence of insulin is approxi-
mately 0-45 mmoles/g dry weight/hour (Fisher and O’Brien, un-

5
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Fic. 1, 4. The relationship between the oxygen tension

of the coronary effluent and glucose utilization and

equivalent oxygen consumption in the presence and

absence of insulin. The data were obtained from 15
hearts.

published observation). The rate of uptake of nearly 1 mmole/g
dry weight/hour observed when the coronary effluent is, almost
totally depleted of oxygen can only be accounted for by an increase
in permeability due to anoxia.
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