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Summary

The object of the study was to attempt to measure

the exchange rates of some enzymic reactions in an intact

cell and to assess the influence of hormones on these rates.

The method consisted of administering radiotracer

metabolites to a whole cell preparation and, by simulating

the rates of movement of tracer between the pools of meta¬

bolites using computer techniques, evaluating the rates of

movement between the pools.

The tissue chosen was the perfused rat heart, which,

sensitive to insulin and growth hormone, is penetrated

rapidly by lactate which it can both produce and utilise.

Further, it was possible, in the presence of glucose, to

find a constant perfusate lactate concentration at whioh

the rate of uptake of lactate from the perfusate was balanced

by the rate of production of lactate by the heart. Thi3

allowed introduction of tracer ["^C]-lactate with the minimum

of disturbance to the system.

Lactate is readily oxidised to pyruvate and the rates

of reactions involving pyruvate were those chosen for study

since, in rat heart, this system appeared simple, involving

exchange reactions with lactate and alanine and irreversible

reactions from phosphoenolpyruvate and to acetyl coenzyme A.

Measurements of oxygen uptake, glucose uptake and

glycogen change indicated that the preparation was in a steady

state. However, measurements of the time-course of the

concentration of pyruvate in the perfusate showed that although
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all the reactions involving pyruvate were not in a steady

state, they behaved very reproducibly, and the

tracer experiments could be conducted in conditions which

were as near steady state as possible. The modelling

studies have suggested an explanation for the variability

observed in the perfusate pyruvate concentration.

Perfusate and tissue lactate have been shown to

behave as a single homogeneous pool: not so tissue and

perfusate pyruvate.

The problem of achieving reasonable precision with¬

out a prohibitive number of experiments has been tackled,

apparently successfully, by a cross-section technique where

all the pools are sampled at only one time and the more

accessible pools at only two or three times.

The system has been modelled using an analog computer

and it has been shown that the simple pools system suggested

by broken cell methods is inadequate. It has been proposed

that tissue pyruvate exists as (at least) two distinct pools;

one connected to lactate, and the other unavailable to

lactate dehydrogenase. Since the true characteristics of

these tissue pyruvate pools are unknown, it has only been

possible to suggest probable ranges of values for the

reaction rates.

The results suggest a high degree of cytoplasmic

organisation;and the characteristics of the pools system

models have been related to the known properties of the

enzymes in the cardiac cell and some predictions made about

the locations of enzymes in the extramitoohondrial space.
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The effoota of growth hormone and inaulln on the

ayatom have boon dlaouaaed.
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A. 1 Objectives

A study of the biochemical organisation of cells

and organisms has led to the characterisation of various

chemical reactions which occur in them, and of the enzymes

by which these are catalysed. Further investigation

should eventually lead to the evaluation of the rates of

these reactions in the intact cell.

The in vitro study of reaction kinetics using

components extracted from broken cells may give some

indication of the maximum possible rates but not necessar¬

ily any more information related to the in vivo situation

for a number of reasons: the effective activity of an

enzyme may be markedly altered in the intact cell by allo-

sterio mechanisms (Monod et al., 1963; reviews: Atkinson,

1966; Stadtman, 1966; Koshland & Neet, 1968) or co-oper¬

ative effects with neighbouring complexes [Baranowski et al.,

(1949); Gulyi et al., (1962); Sereda (1963); Kwon &

Olcott (1965)]; further it seems possible that permeability

barriers other than those of organelle membranes exist

within the cell [Roberts et al., (1955); Shaw & Stadie

(1957, 1959); Moses et al.. (1959); Gaizhoki (1961);

Kipnis et al.. (1961); Berl et al.« (1962); McCarthy &

Britten (1962); Furano & Green (1963); Moses et al.,

(1964); Moses & Longberg-Holm (1966); McBrlen & Moses

(1968)] so that the apparent concentration of substrate may

be very different from that at the enzyme site; also,

many reactions require co-substrates (e.g. pyridine nucleo¬

tides, adenine nucleotides) whose availability usually depends

on other processes.
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A.2 The Measurement of Intracellular Rates

Measurement of substrate utilisation by intact cell

preparations is capable of giving information about the net

flux through a metabolic pathway; and allied to this the

'crossover* theorem of Chance (Ghosh & Chance, 196J+) can

pinpoint the rate limiting reactions. However no detailed

information about the exchange rates of the particular

reactions of the pathway in the intact cell is available.

An attempt (Chance et al., I960) has been made, by

computer simulation techniques, to reconstitute the glucose

oxidative pathway by describing each of the known reactions

in mass action terms (with constants taken from in vitro

enzyme studies reported in the literature), and comparing

the ability of this pathway to metabolise glucose carbon to

carbon dioxide and lactate with that ability observed in

ascites cells (Hess & Chance, 1959, 1961). In this study of

Chance, Garfinkel, Higgins and Hess (I960), and its

successors in which progressively more complete representation

of the enzymes has been attempted, [Garfinkel & Hess (1962,

19610? Garfinkel (1966a); Kerson et al., (1967); Garfinkel

et al.. (1968); Achs & Garfinkel (1966)], it has been

assumed that metabolic organisation and enzymic activities

are identical with those found in broken cell preparations.

The aim of the computer study (Garfinkel, 1966b) has been

to "resynthesise" some pathways in the cell and even at this

early stage the simulation has proved a powerful method

(a) for assessing the compatibility of experimental observations

and hypotheses about glycolysis (e.g. NAD and ATP compart-
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mentation, Hess 0.96 3» lactate:pyruvate and NADHtNAD ratios,

Garfinkel & Heas (I96I4.)) and (b) for aiding in the design

of further biochemical experiments on the pathways

(Garfinkel, 1966b).

While studies of this sort can suggest what the

forward and backward fluxes of individual intracellular

enzymic reactions might be, what is required is information

acquired by direct experiment which can be compared with the

computer studies.

A method of studying reaction rates in the intact cell

is to follow the rates of movement of isotopic tracers

between 'pools* of metabolites (Zilversrait et al», 1914-35

Sheppard, 19148; Branson, 1914-85 Sheppard & Householder,

1951; Sheppard, 1962). Metabolic pools or compartments,

in this sense, mean homogeneous quantities of chemical in

which the rate at which the molecules of any pool mix with

one another is very much faster than the rate at which they

participate in any other observable process. That is, all

molecules in the compartment have an identical probability

of undergoing any given reaction. The principal restriction

on the use of tracers is that it must be possible to label

specifically some compartment in the system. For exangple,

many reports exist in the literature (see review Moses, 1966)

in which a produot is much more highly labelled than its

presumed immediate precursor. These results have been

interpreted to mean that the precursor substance exists in

at least two pools in the tissue, one highly labelled yielding

the product studied, and the other virtually unlabelled.
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In order to study the metabolism of the unlabelled pool by

tracer methods, it would be necessary to label this pool

specifically, which is impossible directly and may be very

difficult indirectly (i.e. via one of its precursors). The

tracer isotopes must be added in amounts small enough so that

their addition does not disturb any chemical equilibrium and

the assumption has to be made that there is no discrimination

for or against a tracer isotope. Although some Isotope

effect is to be expected (Bigeleisen, 191+9), with oarbon-ll+,

for most purposes, the effect is considered negligible

(Robertson, 1957).

A.3 The Tracer Method

Robertson (1962) points out that the idea of labelling

one of a group of similar objects, and, by observing the be¬

haviour of that one, drawing conclusions about the behaviour

of all, is probably as old as civilisation; and at least

as old as the time some ingenious shepherd first belled a

sheep to enable him to locate the flock.

In biochemistry, before the isotope era, the technique

was used with chemical labels e.g. Khoop*s classical experi¬

ments on 8-oxidatlon with u)-phenyl substituted fatty acids

(Knoop, 190ii.). The use of Isotope tracers derives from the

pioneer investigations of Hevesy, who as early as 1920

(Hevesy & Zeohmeister, 1920), used the naturally ocourring

radioisotopes of lead to prove Arrhenius* contention that

salts dissociate in solution. He mixed equimolar solutions
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of labelled lead nitrate and normal lead chloride and found

half the radioactivity in the re-isolated lead chloride.

Pour years later Hevesy conducted the first radioisotope

experiments with animals when he used radium D to study the

distribution of lead in the ratbiftChristiansen et al., 1924).

The discovery of artificial radioactivity in the

light elements by Joliot & Curie in 1934 led to a great

expansion in the scope of isotopic tracer techniques, and the

first tracer experiment with artificial isotopes waa again

conducted by Hevesy (Chievitz & Hevesy, 1935) who studied

the distribution of phosphate in the rat following a sodium

P^-phosphate injection.

The discovery of artificial heavy stable isotopes

had preceded that of the radioisotopes by two years when

deuterium was identified in 1932* Hevesy, bestriding

the field, was quick to use this in determining the rate of

distribution of heavy water in the fish (Hevesy 8c Ho fer,

1934).

However, the first use of isotopic tracer experiments

designed to follow a biochemical pathway, (and which created

a revolution in biochemical thinking) was that of

Schoenheiaer and Rittenberg (1935)» who examined the fate of

ingested deuterium-labelled fatty acid. The labelled

material was given as part of an inadequate diet and the

finding of of the label in fat stores suggested that

metabolism was not divided into "endogenous" and "exogenous"

categories as had been thought. Schoenheimer*s subsequent

work with 15N showed that protein too participated in a
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"dynamic state" of metabolism (Schoenheimer, 1942). Thus

the concept of the metabolic pool replaced that of endo¬

genous and exogenous metabolism and one of the most important

potentials of tracer studies was realised; the ability to

demonstrate the dynamic nature of steady states.

The use of isotopes to identify the specific pre¬

cursors of a metabolite was also pioneered by Schoenheimer

when he identified glycine and arginine as the sources of

muscle creatine (Blooh & Sohoenheimer, 1941). The pre¬

cursors of many metabolites had of course already been

identified without recourse to isotope techniques (e.g. the

reactions of the Embden-Meyerhof pathway and Krebs Cycle)

but this use of isotopes extended the scope of these investi¬

gations, so that it was possible to show the participation

of substrates normally present in such low amount that they

escaped detection. (e.g. the photosynthetic pathway; Benson

& Calvin, 1950). Tracers also have been widely used in

elucidating the mechanisms of many reactions in the cell and

in this field there is no other technique which can serve to

any appreciable degree: famous examples of thi3 use are

the confirmation of Ogaton's (1948) mechanism for aconitase

(Potter & Heidelberger, 1949) and the mechanism of the bio¬

synthesis of squalene [Cornforth et al., (1966)].

These examples demonstrate the use of tracer techniques

in what may be called a •qualitative1 manner i.e. without

regard for the time course of labelling of the product by

the precursor, and this qualitative use of tracers has be¬

come one of the most universally employed techniques for



investigating metabolism.

A selection of the vast number of applications is

available in several monographs [Hevesy, 191+8# Kamen, 1951;

Sacks, 1953; Ch. 12 in Francis, Mulligan & Wormall, 1959;

Paget and Hartman, 1968].
Much slower to develop has been the quantitative use

of tracers, i.e. studies in whioh the time oourses of

labelling of the variouB pools have been measured.

The terminology and basic mathematical treatment were

first provided by Zilversmit, Entenraan and Fishier in 1943 (a)

and applied by Zilversmit et al., (191+3 b) to the turnover

of plasma phospholipid In dogs. This analysis was of a

single transfer step from a labelled precursor pool to an

unlabelled pool, and is analagous to one-step radioisotope

decay. The mathematical basis for interpreting the move¬

ment of tracers between the compartments of a multi-component

system in terms of the transfer rates came with the work of

Sheppard (191+8), Solomon (191+9), Sirl (191+9) and Sheppard &

Householder (1951)• These workers showed that the specific

activity (S.A.) functions of the system could be expressed

as sums of exponentials, and it is analysis based on this

type of formulation which has been used almost exclusively.

It has been pointed out that in fitting continuous

funotions to the type of data obtained from tracer experiments

many choices of function are possible which fit the data

within the experimental error (Branson, 191+8). In particular

polynomial functions of time may give good fits, although,

until very recently (Wise et al., 1968), no rationale could
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be adduced for this form of solution equation.

Recently a stochastic model for the turnover in

humans of plasma radiocalcium has been proposed by Anderson,

Tomlinson, Osborn & Wise (1967), who measured the S.A. time-

course of plasma Ga-ij.7 following injection. The S.A.

function [C(t)] may be fitted by a gamma distribution

C(t) * At~a. e"pt (A,a,$ » constants)

The g value is small (0'002 - 0*008 hrl^) and so the exponen¬

tial Is negligibly different from unity at short times after

injection.

Wise et al., (1968) show that a power function of this

form arises if one considers only the plasma as a rapidly

mixing compartment and the Ca atoms as undergoing random-walk

cycles in which they leave the plasma, spend some time in non-

plasma and return, repeating the process until they are lost

irreversibly to the system. The cycling rate is of the order

of 20 - 100 per hour. At longer times, the transitions from

plasma to non-plasma and vice versa nearly balance one another,

and so the number of radiocalcium atoms in the blood will

decrease exponentially as determined by removal from plasma

by excretion (kidney, gut, skin) or by loss due to long term

deposition in bone.

Although this S.A. time-course may be simulated by

the exchange of a raammillary compartment (plasma) with

several other compartments, and hence fitted to a sum of

exponentials (see below), no physiological model appears to

correspond to this hypothesis, (Anderson et al., 1967)* and

thus, in this case, the gamma distribution fit appears more

apposite.
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Exponential solutions, on the other hand, are easily

obtained as the result of envisaging metabolism as a series

of transfers between well mixed pools of metabolites, and,

in general, it can be shown (see e.g. Sheppard, 1962} that

if n-1 compartments exchange with a pool, i, the solution

for the S.A. of Ka^) has the form:-

• i = S1e~Alt + S2e~ 2fc + Sie~^it + Sne~ nft
where the S^, are functions of the transfer rates between
the pools, the pool sizes and, for the 3^ only, the zero
time specific activity of the initially labelled pool.

The experimental method consists of administering

the tracer to a whole animal or to an intact cell preparation,

and then observing the S.A. of the labelled pool (and perhaps

of metabolically related pools) as a function of time.

Exponentials are then 'peeled* from the multi-exponential

curve (Peurzeig and Tyler, 1950; Gardner, 1963). This

only works successfully with a small number of components

(< 3) and if no two decay constants are close in value

(Myhill, 1968). Prom the result one may infer the minimum

number of pools exchanging with the sampled one and, if, on

this basis, one constructs a model of the pools system

involved, it may be possible to assign values to the exchange

rates in the model by comparison with the graphic solution.

The advantage of this technique is that it offers information

about metabolism in tissues which cannot be easily sampled, by

analysis of one which can (e.g. plasma in human subjects is

readily accessible but other tissues are not). For this

reason it was early used a3 a diagnostic technique in clinical
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medicina (Brownell, 1951) and since then has been applied to

following the fate of various substances after tracer

injection; 12 metabolism in man (Berson & Yallow, 195U-J
Oddie et al.. 1955; Berson, 1956); calcium metabolism in

children, (Bonner & Harris, 1956); magnesium metabolism in

sheep, (Care, I960); bicarbonate metabolism in rats,

(Shipley et al., 1959); gluoose metabolism in rats (Baker

et al., 1959), and in dogs (Steele et al., 1956); iron meta¬

bolism in man (Sharney et al., 1963); fatty acid metabolism

in rats, (Mayes & Felts, 196?). The results in all these

applications (and many others like them) suggested a minimum

number of pools which exchanged with the sampled ones (plasma,

urine and breath) and thus provided some insight into the

fate of these substances in the whole animal.

The principal disadvantage of this method is that it

is not possible to differentiate between 'n' peripheral pools

whose exchange rate is similar, and any transfer rate or pool

3ise derived from lumping them (i.e. treating them as a

single entity; Sheppard, 1962) has doubtful physical

significance. The experiment of Zilversmit et al., (1914-3 6)

is the classical case to illustrate that a single exponential

rate function may represent multiple transfer rates. The
op

pJ phospholipid which disappears exponentially from the

plasma was mostly found in liver, but appreciable amounts were

found in small intestine, kidney and spleen. Moreover, this

method only applies to steady state conditions. Any non-

linearity in the system means that, in general, no precise

sum of exponentials solution exists, and so it is not possible
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to interpret experimental curves in terms of the transfer

rates of the model. Because of these disadvantages there

are a limited number of systems to which simple curve-

analysis applies and, except for clinical blood volume

investigations (see Robertson, 1962), it is largely unused

of recent years.

A way to overcome the restrictions imposed by curve-

analysis is the approach of Brownell (1951)* Solomon & Gold

(1955) and Sacks et al., (1955). This works on the principle

that one determines the time-course of all the involved

pools; which means one experimental point per experiment

where the pool is inaccessible and the tissue must be

extracted. There is an obvious sampling difficulty in

applying this method to humans. The procedure then employed

is to construct a model, assign values to the rate constants

desired, integrate the system equations by analog or numerical

means and compare the computed and experimental data points,

adjusting the rate constants until these points correspond

to within some error limit (see e.g. Berman et al., 1962).

Early examples of this approach along with much theoretical

discussion are collected in a New York Academy of Sciences

Symposium, ed. Hart (1963): other examples are:- Schotz

(1964), Schotz et al.« (1964)* Hays and Wegner (1965),

Shipley et al., (1967)* Baker & Schotz (1967)$ Till et al.,

(1966). With this method, the system need not be in a

steady state, although this invariably means that the n

equations of the system involve n + r (r > 1) unknowns,

and thus supplementary investigations are necessary to
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establish the values of the extra parameters.

The difficulty associated with this method (apart

from the computational ones, see section D.1.2) is the

experimental one of achieving reasonable precision in the

data in the face of experimental and biological variation.

The scatter of the points from the tissue pools, only

sampled once per experiment, can only be improved by con¬

ducting a large number of experiments. Lack of sufficient

precision in the data may mean that it is impossible to

discriminate among several possible models for the system.

We have argued that, instead, it ought to be possible

to employ a 'cross-sect ion* technique in which the experi¬

mental effort is concentrated in measuring the radioactivity

in the tissue pools repetitively at only a small number of

time points. Only models capable of generating functions,

which, at the given time, have values within £ the standard

error of the experimental estimate of the mean, will be

accepted as fitting the experimental data.

This approach was considered partly in the nature of

a teat on the basis that, in a tracer experiment, the S.A.

of any pool at a given time is a function of that pool's

'history', and that only if, in a model, the pool is given

the right history will the experimental points lie on the

S.A. function. '^hile it is obviously difficult to test

this approach rigorously (and a project is under way in the

University of Edinburgh, Department of Statistics which may

do this), the model fitting experiments described in

section D.2 suggest that it was successful (see E.l).
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Fig.A.1

Trioses
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Lactate Pyruvate
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A.ii Reactions to Study

This technique was used to study the rates of some

intracellular reactions in an isolated perfused rat heart

preparation, and the pools system chosen for study is showa

in Fig. A.l. The fact that these reactions require co¬

enzymes and the effect of this on the interpretation of the

rate equations, will be discussed below. The choice of

system and tissue was influenced by several considerations:-

(A.li. 1) the system should be sensitive to hormones

since the determination of rates in the intact cell offers

a method of observing directly their effects on a metabolic

pathway. Insulin and growth hormone are known to influence

the rate of glucose utilisation in rauaole (review: Narahara

& Gori, 1968) and might be expected to influence the rates

in the system of reactions chosen: for, in the perfused rat

heart, although insulin is known not to increase the oxygen

consumption (Fisher & Williamson, 1961) it does cause

increased uptake of glucose (Bleehen & Fisher, 1954» Posts

et al., 1961; Tforgan et al., 1965), not all of which appears

as glycogen (Fisher & Lindsay, 1956; Williamson, 1962) and

only part of the remainder in the form of increased lactate

output (Williamson, 1962). Insulin, moreover, stimulates

pyruvate oxidation to carbon dioxide and water (Williamson,

196q.) and so might be expected to increase the flow of

carbon through the pools system of figure A.l. Growth

hormone, on the other hand, might be expected to decrease

the flow, since it depresses glucose uptake in the perfused

heart (Bronk & Fi3her, 1957), increases the glycogen content
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(Russell, 1957) and, without changing the oxygen consumption,

decreases the respiratory quotient, (Ketterer et al., 1957#

Greenbaum, 1953)# indicating, presumably, increased

utilisation of fatty acid.

(A.J1.2) A strong argument for the use of a single

tissue rather than a whole animal is that the metabolic

pattern is considered to differ between differentiated cells

of different types; for example Scrutton and Utter (1968)

divide tissues, on the basis of the maximum activity detected

for oertain enzymes, into •glycolytic' or •gluconeogenic'

tissues. In particular rat liver is known to be able to

'reverse* the pyruvate kinase (EG 2.7.1.40) reaction via

pyruvate carboxylase (EG 6.4.1.1? Keech & Utter, 1963;

Hennlng et al., 1966; Krebs, 1966) and phosphoenolpyruvate

carboxykinase (EC 4.1.1.32: Utter, 1963; Lardy et al.,

1964# Henning et al., 1966), while in heart these enzymes

have zero or very low activity (Utter, 1959# Scrutton & Utter,

1968). In view of this, the simpler system of the muscle

cell has been chosen for initial investigation.

(A.4.3) if, in order to determine the intracellular

rates, the assumption is to be made that the heart cells

are replioates, the cells require equal access to the incubation

medium. Rat diaphragm muscle is largely composed of intact

cells, but although used as being thin enough to permit rapid

substrate access, it has been shown with diaphragms from rats

of different sizes that glucose uptake is proportional to

tissue area and not to tissue weight. This has been inter¬

preted to mean that gluoose has restricted access to some
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cells (Liebecq, 1955)* Perfusion of rat heart via the

coronary system la considered less likely to present access

barriers to perfusate substrates (Bronk & Fisher, 1957)

since this is the Jn vivo mode of supplying substrates to

this highly vascular tissue (Netter, 1959).

(A.4.4) the reactions had to be well enough charact¬

erised for it to be possible to construct a hypothesis for

the pools system and to know which pools to label and sample.

In particular, the pools system investigated must be 'bounded*

by irreversible reactions. For example if the phospho-

enolpyruvate (PEP) * pyruvate reaction in Fig. A.l were

reversible, then, initially labelling lactate would introduce

tracer into PEP, whenoe it would return to pyruvate. Thus

the radioactivity (or S.A.) of pyruvate would be a function

of the S.A. of PEP and so the PEP pool would have to be

sampled. It seemed reasonable to select part of the

jEknbden-Myerhof Pathway since its general outline has been

known for many years; (Dickens, 1951; Nord & Weisa, 1951);

and continuous intensive study of the constituent reactions

over this period has yielded a wealth of particular data

(Axelrod, 1967). The pools system shown in Fig. A.l is

the one considered likely to represent completely this pivot

point of carbohydrate metabolism in the cardiac cell and

its composition requires some comment.

As has been mentioned above, (page 17), pyruvate

carboxylase (EC 6.4.1.1) appears to be absent from the

cardiac cell (Scrutton & Utter, 1968), as does "malic enzyme"

(EC 1.1.1.38,39,40; Crane Sc Ball, 1951; c.f. Ochoa, 1955),
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and the very low activity of phosphoenolpyruvate carboxy-

kinase (EC 1+. 1*1.32: Utter, 1959; Scrutton & Utter, 1968)

makes it seem likely that there will be no recycling of

pyruvate counts via oxsloacetate. Bowman (1966) perfused

rat hearts with glucose, octanoate and sodium [^^Cj
bicarbonate and found the specific activity of malate to

be only J$> of the bicarbonate specific activity after ten

minutes, which would support the view that carboxylation of

pyruvate is unimportant in cardiac muscle. In the event,

some results (section C.2.3.3.5) suggested that this *futile

cycle* (Scrutton & Utter, 1968) might exist in the heart

and its absence had to be proved (section C.2.5)*

The incorporation of alanine into protein in a

perfused rat heart was investigated by Manchester & Wool

(1963) and found to be less than 0*5$ of the pool in an hour,

even in the presence of insulin; and since the rate of

protein breakdown is known to be low (Manchester & Young,

I960; Manchester, 1961), the effect of protein turnover on

the alanine pool has been considered negligible.

Other reactions considered negligible are the

oxidative deamination of cysteine and serine to pyruvate

(White et al., 1961+) since the amount of these substrates

present in rat heart is small and nearly constant (Manchester

& Wool, 1963) and their rate of production from protein very

low (Manchester, 1961).

The lactate-pyruvate exchange reaction is accomplished

by lactic dehydrogenase (EC 1.1.1.27) which, although

considered to exist as five isoenaymes (Neilands, 1952;
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Markert & Miller, 1959; Kaplan et al., I960; Plagemann

et al.. I960; Cahn et al.. 1962) showing different substrate

inhibition characteriatios at 25°C v (Cahn et al., 1962;
Vesell, 1965), have been found to nave no substrate inhibition

differences at 37°C (Vesell, 1965). Moreover, total lactic

dehydrogenase from homogenates of psoas muscle (rich in

LDH-5) and heart (mostly LDH-1) behave identically towards

substrates (Vesell, 1965) and, thus, in this study, the

possible significance of isoenzymes has been ignored. The

conversion of phosphoenolpyruvate (PEP) to pyruvate is

accomplished by pyruvate kinase (EC 2.7.1.40) and is essent¬

ially a unidirectional reaction as given, for the turnover

number (lO^g. protein) from PEP to pyruvate is 6000, while

that in the other direction is 12 (Meyerhof & Oesper, 1914-9).

Evans et al. (1963), perfusing rat hearts with

pyruvate, found negligible radioactivity in glycogen, which

confirms, not only the evidence for the lack of a pyruvate

kinase by-pass cycle (page 19), but also that the equilibrium

of pyruvate kinase in vivo is of the order suggested by the

in vitro studies.

The oxidative decarboxylation of pyruvate to acetyl-

coenzyme A is normally presented as an irreversible sequence

of reactions (see Lowenstein, 1967; cf. Ounsalus, 1954 b).

However it appears that in microorganisms, all the stages,

except possibly the decarboxylation step, are reversible

(Gunsalus, 1954 a). In pig heart the decarboxylation step

of the analagous *a-oxo-glutarate oxidase* complex is known

to be reversible (Goldberg & Sanadi, 1952) and high CC^ and
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HCO-j" concentrations have been shown to lower the utilisation

of pyruvate in the partially purified complex from pigeon

breast muscle (Jagannathan & Schweet, 1952). In what

appears to be the only equilibrium study done, Sanadi &

uittlefield (1953) showed that in the ot-oxo-glutarate

oxidase complex from pig heart, the equilibrium lay far over

towards suocinylooenzyme A.

In the perfused rat heart, Williamson (I96I4.) has

shown that acetate is readily used as a respiratory fuel and

that only a very small amount of lactate is produced (1$ of

the acetate used) and that this may be accounted for as the

result of glycogen breakdown. Further, the incorporation

of 11+C from [2 -1 ^~c] acetate into heart glycogen is negligible

(Kreisberg & Williamson, 1961^; Williamson, I96I4.). The

evidence indicates therefore that this series of steps, if

not in fact irreversible, is functionally so in the cell.

The transamination of pyruvate to alanine is catalysed

by glutamic-pyruvic transaminase (EC 2.6.1.2) and although

Hicks and Kerly (I960) were unable to demonstrate any

activity in perfused rat heart by adding substrates in the

perfusate, activity has been found by Huggins et al., (1961)

in rat heart slices, and by Hopper & Segal (I96I4.) in a

10,000 g. supernatant of rat heart horaogenate. This reaction

involves the participation of co-substrates, glutamate and

a-oxo-glutarate, and the interpretation of the exchange rates

in the li^at of this will be discussed below.

(A.li.5) a further consideration in choosing to inves¬

tigate the pools system shown in Fig. A.l is that pyruvate
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occupies what might be called a cross-roads in metabolism,

so that sampling pyruvate yields information, not only about

the contribution of glucose carbon to mitochondrial metabol¬

ism, but also to other tissues in the form of lactate, and to

amino acids tnrough transamination. Since two of the trans¬

fers in Pig. A.l are unidirectional, this means that there

are 6 unknown transfer rates and 6 equations involving those:

for each pool there is 1 equation describing the transfer of

radioactivity, and 1 equation describing the chemical transfer

(see Sheppard, 1962). If the pools system is in a steady

state, obviously only 3 different fluxes are possible. Had

there been 8 transfer rates to determine, it would have been

necessary to provide another two relationships: e.g. by

conducting two sets of experiments with the initial label

in a different pool in each set; or by attempting to estimate

two of the flows by independent means.

In the case of the rat heart system depicted in

Pig. A.l, it is possible to derive an estimate for the flow

into pyruvate from triose, by measurement of glucose uptake

and glycogen breakdown or synthesis. Independent measure¬

ments of this nature are not only useful in that they provide

comparisons for the pools system estimates, but also because

they can aid considerably in providing the initial estimates

of a solution required in some equation-solving methods

(Herman, 1962; see section D.l.2.2). The assumption that

measurements of glucose uptake along with glycogen change

can give a value for the rate at which material enters the

pyruvate pool, Is only valid if the participation of hexoses
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in other pathways is negligible. The contribution of the

pentose phosphate pathway to glucose metabolism in heart

has been assessed at < 2% (Hostetler k Landau, 1967) and the

measured maximum activities of gluoose-6-phosphate dehydro¬

genase (EC 1.1.1.14.9) and 6-phosphogluconate dehydrogenase

(EC I.I.I.I4I4.) have been considered negligible in rat heart

(Scrutton & Utter, 1968). Also the metabolism of [u-^c]
gluoose to glyceride-glycerol in the rat heart, perfused

with palmitate, has been found to be < 0*01 umoles/rainute/g.
wet tissue even in hearts from fed animals where fatty acid

esterification is greatest (Opie et al., 1963).

Oxygen uptake was also measured. This is believed

to be due almost entirely to the oxidation of fatty acids

and glucose, terminal oxidation taking place in the tri¬

carboxylic acid cycle (Lehninger, 1965). If this assumption

is true, it is possible to estimate the rate of oxidation

of acetyl units in the TCA cycle, and thus by comparison with

the rate of pyruvate efflux, determined in the radioactive

experiments, examine the contribution of pyruvate to the

energy processes of the cell.

A parameter capable of giving rate information

directly is the rate of production. If [l-^c ]
lactate were used as initial label the efflux of pyruvate

to the TCA cycle would equal the rate of 1^o2 production,
since COp fixation reactions seem low or absent in heart
(A.I4..I4). However, this has the disadvantage that no inform¬

ation is available about the oxidation of the acetyl unit.
Iji

Use of the 2- precursor allows the specific activity of
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TCA cycle Intermed!atea to be measured while the rate of

production still indirectly represents pyruvate de¬

carboxylation. Some measurements of the radioactivity of

COp were attempted, but the variation in the results was
excessive (due to poor absorption of the CO^ prior to radio-
assay)^ and the data have been ignored.

(A.4.6) the presence in the system of a substrate

(lactate) which does not undergo any reaction other than

reversible exchange with the central compartment offers a

method of attaining a chemical balance and then of intro¬

ducing label without disturbing the steady state. Further,

perfusate lactate may provide a way of gaining continuous

access to the intracellular pools.

Isolated rat hearts, perfused with oxygenated medium

containing glucose, produce small quantities of lactate

which pass readily into the perfusate (Fisher <3e Lindsay,

1956; Shipp et al., 1961; Morgan et al., 1961; Williamson,

1962; Ople et al., 1963; Charland et al., 1964). Also,

perfused dog heart (McOinty, 1931; Svans et al., 1934*

Gavert & Johnson, 1956) and perfused rat heart (Williamson,

1962) have been shown to utilise lactate. Thus, it was

argued, it ought to be possible to find a concentration of

lactate in the perfusate such that the output from the heart

would be balanced by the rate of uptake, and so the lactate

pool would remain constant in size; and while constancy of

pool size is not necessary for this analysis, it does mean

that the differential equations can be linear and are there¬

fore much easier to handle (see Chapter D). Further, the
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rate of diffusion of lactate through muscle is known to be

rapid (Eggleton et al.. 1928} Hill, 1929). It can be

calculated to be of the order of 500 pmoles/fainutq^see

appendix to this chapter), which exceeds its maximum rate of

utilisation by perfused rat heart (< 1 pmole/mir^?,; Williamson,
1962) by two orders of magnitude. So it Is probable that

intracellular and extracellular lactate will equilibrate

much faster than intracellular lactate is utilised. The

maximum activity of LDH found in heart extracts is 450 pmoles/

min./g. heart (Shonk & Boxer, 1964} Scrutton & Utter, 1968),

so that lactate aid pyruvate might equilibrate faster than

either is utilised [since pyruvate utilisation, even if it

accounted for all the oxygen used by heart (Fisher &

Williamson, 1961) would be < 2 nmoles/min./g.]. It may be

said that if the lactate-pyruvate shuttle were as rapid as

the maximum rate of LDH there would be little chance, other

than of recognising its rapidity, of actually measuring the

rate by this method. Thus because diffusion of lactate is

so rapid the intracellular pool would be extended to the

perfusate as it were, and so, by sampling perfusate lactate,

one would be sampling the heart lactate (and perhaps the

pyruvate) pool.

To summarise these points: the selection of the rat

heart reactions depicted in Fig. A.l for this study provided

a well enough characterised system which was not too complex

metabolically and which was amenable to investigation in at

least three metabolic states (hormones) by the tracer

kinetic method.
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Fig.A.2

k1
(1) Lactate + NAD+ NADH + Pyruvate + H+

k-1

(2) Lactate

-1
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A.5 The Kinetic Parameters

The question of the meaning of the transfer co¬

efficient when the enzyme reaction involves coenzymes or

co-substrates requires some discussion.

Two ways of describing the reaction catalysed by

lactic dehydrogenase are shown in ^ig. A.2,

It has been assumed that it is possible to describe

reaction (1) by the pools system (2). An equation represent¬

ing the change of the amount of lactate in (2) can be

written tfaus:-

■ar « SLact- = r -1 - r! (3)
where = amount of lactate in the pool

and r^ has dimensions of amount x time"3'
An alternative formulation which more closely

resembles the chemical reaction is:-

~jr ^Lact. « k_^[NADH][Pyruvate ] - k-jjNAD*3[Lactate ] (I4.)
assuming pH is constant and where the dimensions of

2 -1 -1
the are volume x amount x time •

Equation (I4.) only represents the enzymic reaction

in the range where all [substratej are in the proportional

region of their velocity against concentration curve for

lactic dehydrogenase. Cleland (196?) gives it as his opinion

that in vivo enzyme systems, in order to attain maximum

stability of flow through all pathways would be expected

to operate in this proportional region, with the possible

exception of a few saturating coenzymes. Whether this is
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true la uncertain and what I propose to do is to apply

"Occam's razor" and assume the simplest formulation

i.e. (3). That is, the aim will be to determine the

transfer ratea (rt).
The participation of the co-substrates in the

pyruvate «—> alanine exchange reaction is exactly analagous

to the participation of the coenzymes in the pyruvate «■—*>

lactate exchange reaction described above, and the simple

formulation involving the r^ terms will be used in this
case also.

A.6 Summary

There is a need in cell biology to correlate reaction

information from broken cell preparations with the functioning

of the intact cell. One way of doing this is to attempt

to measure the rates of some reactions in a whole cell

preparation. The pivot point in carbohydrate metabolism

around pyruvate seems, in the rat heart, to be amenable to

study by a tracer kinetic method; and this Thesis contains

the report of such a study.

AV7 Organisation

The Thesis is divided into a further four parts: the

experimental procedures (Chapter B); experiments aimed at

providing data for obtaining intracellular ratea (Chapter C);
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modelling procedures for Interpreting tracer data and their

application to this rat heart system (Chapter D)J and a

general discussion of the modelling and results (Chapter E).

A.8 Appendix

Prom the work of A.V. Hill and his collaborators,

values are available for the diffusion constants of lactic

acid through muscle. This data may be used to estimate

what the diffusion rate of lactate into and out of the

cardiac cell might be.

While the result of this calculation is by no means

exact, it serves to demonstrate the order of magnitude of

the diffusion rate.

The estimation of the tissue volume follows the

approach of Netter (1959).

The mammalian heart has been found to have 11+ x 1CK

metres of capillary per millilitre of organ.

Representing the tissue as a cylinder, radius Rem.,

length Lcm.

Volume = IX R2L = 1 ml.

SO, R * jr X 0*561+.
W*hen the length of the cylinder = 11+ x 10^ cm.

R = !+• 77 x lCf^cm. = It.* 77 u

Now, if 6 p necessary for a blood cell the situation is this:-
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B,

AG = k-77n

BG = 3p

30,AB = l*77p

So the volume of tissue =

**•77

1 -"TC x 32 x 10~8 x l*lj. x 10(
1 - 0*396 ml.

0*6014. ml.

Now surface area exposed in the capillary
= 27fL x capillary radius

= 7^6 x 10_i+ x 1*14. x 108 am}
The thickness of a rectangle of tissue of that surface area

and volume of 0*6014- rol. is given by:-

0*6014.
2* = 2 * 29 (J.

TT x 6 x 1 * Ip x 10

Thus a rat heart might be represented as a plain sheet of

tissue, of thickness 2*29p exposed on one side to the permeant.

The steady state concentration of perfusate lactate

has been found to be about 0*7 (2*2 mM in the presence of

insulin; section C). Eggleton et al., (1928) found that

the diffusion constant for lactic acid diffusing out of

muscle where the concentration is about 0*7 mM is

6 x 10"->cmf/min.
Thus following the argument of Rashevsky (1950)t-
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Tissue of thickness b, bathed on one side with substance at

constant concentration 0oJG^ is the tissue concentration of
the substance.

Co - C,
Average drop in concentration/unit thickness = —

D(a - o,)
So flow rate across unit surface area = r

where D = the diffusion constant
(0 - 01)

so total flow rate = Surface Area x D x r—
b

Now where = Oj D 3 6 x lO'^cm.'Vrnin.; b 3 2*29pJ

G0 = 0*7 raM and Surface Area 3 JTJ x 6 x 10"^ x 1 • x lO^cm.^
Hm rate - ~K x 6 * 10'k * 1-1* » ^ 1 6 ' 10"5 * 0'7

2-29 x 10~*

3 iiSimwol es /fain.

Thi3 diffusion rate is to be compared with the maximum

utilisation of lactate (0*714. pmoles/rain.) shown by a lg.

rat heart perfused with lactate at a concentration of

1*5 (Williamson, 1962).

Conclusions -

The diffusion of lactate in muscle appears to be

from two to three orders of magnitude greater than the

utilisation rate.



- 32 -

CHAPTER B

MATERIALS MP METHODS
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Materials

Laboratory Chemicals and Buffers

All chemicals, other than those noted below, were

of Analar grade obtained from British Drug Houses (B.D.H.).

n-Butanol: This was redistilled and only the

fraction coming over at 117-H8°C. was used.

Dowex-50: the analytical grade 200 - lj.00 mesh

chloride form, AG I-XI4., obtained from Biorad Laboratories,

California, U.S.A.

Glycine/O'U H Hydrazine Buffer pH 9*0: 699 g.

Glycine + 0• i+. g. NaOH + 1*914. ml. 99% Hydrazinium Hydrate

(Laboratory Reagent, B.D.H.) taken to 100 ml.: the buffer

was stored at 2°C, for not longer than 7 days.

Heart Cooling Medium: This was perfusion medium

containing glucose, but only 1/3 of the normal concentration

of NaHCO^ which thus, without C02 gassing.had a pH of 7*14-
at 2°C. This solution was normally cooled to about 0°C.
just before use.

Perfusion Apparatus Cleaning Pluld

16*5 g» NaCl + 10 ml. Sodium Hypochlorite (10-11$ w/v
available chlorine): stored in the dark at i4°C.

Perfusion Medium: The Ringer - bicarbonate solution

was that of Krebs & Henseleit (1932) except that half the

recommended concentrations of calcium chloride and magnesium

sulphate were used to compensate for ion binding by plasma

protein in whole blood (Green & Power, 1931).

B.l

B.l.l.
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A solution of each salt was kept at 2°C. and mixed in the

required proportions on the day of use. A.R. D-Glucose

was added to a concentration of 1 mg./ml. (5*55 mM).

1 N-Perchloric Aoid/20$ Ethanol

16• Ij. ml. 72% HCIO^ (Laboratory Reagent, B.D.H.) + 1+0 ml.
Ethanol made up to 200 ml. with distilled water.

Silicic Aoia for column chromatography - 100 mesh

Analytical Reagent from Mallinckrodt Chemical Works, New

York, U.S.A.

Silica Gel - 0 for thin layer chromatography with

added CaSO^ binder from Macherey, Nagel and Co., Dtiren,
W. Germany.

B.1.2 Fine Chemicals

Adenosine-5*-dlsphoaphate; trisodium salt obtained

from Boehringer Se Soehne and stored desiocated at -20°C.
Amino Acid Markers: B.D.H. Biochemical Grade homo¬

geneous reference standards for chromatography.

Gum Gt^laoum Resin was obtained from Brome & Schimmer,
London.

L (+) Lactic Acid Standard; 1*00 M neutral solution

supplied by Boehringer 5s Soehne GmbH Mannheim.

L ( + ) Lactic Acid: Grade II 1+0$ syrup from Sigma

Chemical Co. Approximate quantity required was weighed into

a beaker to which some distilled water and a boiling chip
were added and the solution was boiled for 10 minutes to

depolymerise any lactide3. This solution was then

neutralised with NaOH immediately, before adjusting the volume.
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The concentration was determined by enzymic assay (Section

B.2.9.1) This solution was stable on storage at -20°C.
for long periods (over 1 year).

3-Nicotinamide Adenine Dlnuoleotlde (NAD+) free aoid

obtained from Boehringer & Soehne GmbH, Mannheim; crystals

stored desiccated at 2°C. and solutions prepared in assay

buffer immediately before use.

g-Nlcotinamlde Adenine Dinucleotlde Reduced (NADH)

disodium salt obtained from Boehringer & Soehne GmbH,

Mannheim; crystals stored desiccated at -20°C. and solutions

prepared in assay buffer immediately before use.

Nlnhydrin Reagent; ref. Moore and Stein (19514-)

20g. Nlnhydrin (B.D.H. Analar Grade) + 3g. Hydrlndantin

(B.D.H. Biochemical Grade) were dissolved in 750 ml*

2-methoxyethanol (which had previously been tested for

peroxides: 2 ml. solvent + 1 ml. fresh aqueous 1$ KI turns

light straw yellow colour if peroxide content low.) To

this was added 250 ml. of N-sodium acetate buffer pH 5*5

(See reference ) and the solution stored under nitrogen in

the dark for less than 2 weeks.

Nlnhydrin Spray: 200 mg. Ninhydrin + 1 g. anhydrous

sodium acetate + 30 ml. H20 + 100 ml. Acetone. Prepared
immediately before use.

0-phenylenedlamlne (1,2 diamlno benzene): The

laboratory reagent obtained from British Drug Houses was

twice reorystallised from a hot neutral solution of sodium

ethylene-diamine-tetraacetate containing activated charcoal.

The cream-coloured plates were stored in the dark and



- 38 -

dissolved in 2*2 N-HCl to give a 13 rag/ml* solution

immediately before use.

Phoaptaoenol-pyruvic acid: crystals of monosodium

salt obtained from Boehringer & Soehne immediately before

use: stored desiccated at -20°C.

Pyruvic Acid: laboratory grade sodium salt obtained

from British Drug Houses Ltd. The approximate quantity

desired was weighed out and the concentration of the

prepared solution assayed enzymatioally (Section B.2.12.1).

This solution was stable at -2G°C. for a considerable

period (3 months).

Standard Sodium Pyruvate solutions: 200 mM Test

Solution for enzymic assay supplied by Boehringer & Soehne

GmbH, Mannheim.

^ulnoxalone Standards

(1) 2-Hydroxy-3-methyl quinoxaline: 110 mg. sodium

pyruvate was dissolved in 10 ml. 2 N-HCl and to this was

added a solution of 108 mg. o-phenylenediamine in 2 N-HCl.

After 3 hours the 3-I»e6hylquinoxalone was harvested and

twice recrystallised from hot ethanol: H^O (1:1 v/v).
m.p. 2li4°C.

(2) 2-Hydroxy-2(2-carboxyethyl) quinoxaline:

11+5*6 mg. of crystalline a-oxoglutarate obtained from Koch-

Light & Co. was dissolved in 10 ml. 2 N-HCl and to this was

added a solution of 108 jog. o-phenylenediamine in 2 N-HCl.
The 3-oarboxyethyl quinoxalone was harvested after 3 hours

and twice recrystallised from methanol: H^O (2:1 v/v).
m.p. 20i4°G.
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B.l.3 Enzymes and Hormones

Qlueoae Oxidase (EC 1.1.3*4) was obtained from

Hughes & Hughes (Enzymes) Ltd. as Fermcozyme 932 DM. It

was stored at 2°C.

Growth Hormone (G.H.) Bovine pituitary growth Ko^o/txu

was a gift from the Endocrinology Study Section of the

National Institutes of Health U.S.A. The lot (N, I.H. -G1I-B11)

used was stated to have a potency of 0*81 USP units/mg. and

was further purified by the final processes (steps 10-12)

in the method of Uilhelmi (1955)* The freeze-dried powder

was stored desiccated at -20°C. Immediately before U3e

200 pg of the preparation was weighed out, dissolved in a

drop of N/100 NaOH and added to 50 ml. of perfusate.

Insulin; Bovine crystalline Insulin supplied by

British Drug Houses Ltd., Batch No. with a specific

activity of 23*1*4 international units/mg. This preparation

was stored desiccated at 2°C. Immediately before use

1*07 mg was dissolved in the minimum of N/300 HCl and the

resulting solution was added to 230 ml perfusion medium to

give a solution containing 100 mU/ral.
Lactic dehydrogenase (LDH)(EC 1.1.1.27) pig heart

enzyme obtained from Boehringer & Soehne GmbH as a 10 mg/ml.

crystalline suspension in 2*2 M (NH^)-30^, pH about 6;
Specific Activity 3&0 units/mg. It was kept at 2°C. and
diluted with assay buffer Immediately before use.

Halate dehydrogenase (EG 1.1.1.37) was the pig heart

enzyme obtained from Boehringer & Soehne GmbH as a 10 mg/ml.

suspension in 3*2 M (NH^)^SO^, pH about 6; Specific
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Activity 720 units/ag.; stored at 2 C. This was tested

using the LDH pyruvate assay (Section B.2.13) and shown

not to have detectable LDH activity.

Pyruvate Kinase (EC 2.7.1.1+0) was the rabbit muscle

enzyme obtained from Boehringer & Soehne GmbH, as a 10 ajg./ral.

suspension in 2*1 M (NH^^SO^, pH about 6; Specific Activity
150 U/rng. It was stored at 2°C.

B.1.U Radiochemicals and Scintillators

fq~li4-Cj L-Alanlne: 50 pCi (CPB.7) obtained from the

Radiochemical Centre, Amersham. This was dissolved in

1*5 ral. distilled water and 150 pi. of the resulting solution

(5^pCi in 0*2i| pmoles) were diluted to 10 ml. 10 pi. of this

dilute solution was suitable for use as a chromatographic

marker.

Sodium f^^C] Carbonate (CPA.2); obtained from the

Radiochemical Centre, Amersham, as a 20~> mM aqueous

solution of Specific Activity 5*0 mCi/mmole.

l,l|-Dioxane: scintillation grade, supplied by

Nuclear Enterprises Ltd., Edinburgh. It was stored in

the dark under nitrogen.

Gel Scintillator (NE 221)t a dioxane based

scintillation fluid containing silica gel for the internal

suspension of emitters. It was supplied by Nuclear

Enterprises Ltd., Edinburgh and stored under nitrogen

in the dark.

fl-1^] n-Rexadecane: carbon-lif reference material

for liquid scintillation counting (OPR.5) supplied by The
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Radiochemical Centre Araereham: S.G. = 0*775 g/ml. and

material supplied (Batch 8) contained 0*781 pCi/g.

[2-1l^c] L( + ) lactate; This was not available

commercially and 0*1 mci. sodium [2-1 ^"O] pyruvate (CFA.79f
10 mCi/mM) from the Radiochemical Centre, Amersham was

reduced enzymically. To the glass vial, in which the radio¬

chemical was supplied, was added 10 pmoles of sodium pyruvate

solution in phosphate buffer pH 7'0, 30 mg, RADH and the

volume adjusted to approximately 2 ml. After adding 0*2 ml.

commercial LDH preparation, the tube was allowed to stand at

room temperature for 15 minutes before 1 ml. of 20% trichlor¬

acetic acid (TCA) was added and the mixture placed for 10

minutes in an ice bath. To this was then added approxim¬

ately 20 pmoles sodium L(+)-lactate solution and, after

centrifuging down the protein, 1 ml. of aqueous solution

containing 50 rag. sodium acetate and 0*5 g« seraicarbazide

hydrochloride was added. After shaking vigorously for 1
i

minute, the solution was allowed to stand for 30 minutes.

The TCA was removed by washing four times with an equal

volume of chloroform (three times water washed), and, after

acidifying with HC1, the lactic acid was extracted by

continuous ether distillation for six hours. The ether

phase was removed in an air stream. After adding water,

the lactic acid solution was boiled for 10 minutes to

hydrolyse lactides before neutralising (paper) with RaOH.

A sample of this preparation was chromatographed

on a silicic acid column by the method of Varner (see
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Section B.2.10.1). The only radioactive peak was

eluted with authentic lactic acid.

Non-Aqueoua Scintillator (NE 213) This was a xylene

based high efficiency scintillator fluid, supplied by

Nuclear Enterprises Ltd., Edinburgh; stored in the dark

under nitrogen.

Scintillator Mixture: supplied in a premixed com¬

bination of PPO, PQPOP and naphthalene called (NE 572)

"Scinstant" was dissolved in dioxane and the scintillator

solution stored in the dark under nitrogen.

3.2 Methods

B.2.1 Rats

The rats used in this study were albino males bought

at about li+0 g. from Edinburgh University's Small Animal

Breeding Station, The Bush, Penicuik. They were maintained

in the Departmental animal house on Qxoid Stock Diet 86

(Herbert Q. Styles Ltd.) until their weights were 230-280 g.

(6-8 weeks after purchase). On the morning previous to

killing, food, but not water, was withdrawn.

3.2.2 Perfusion Technique

B.2.2.1 The Apparatus

The apparatus used was based on that of O'Brien

(1969) and is shown in diagram form in Pig. B.l. It was
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Fig. B. 1 PERFUSION APPARATUS - see section B.2.3.1

S = magnetic stirrer motor

P = peristaltic pump.
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originally designed to allow serial measurement of gas

phase C0~ specific activity and thus a reservoir containing

both perfusate and gas mixture [95$ 0^:5$ GO^ (British
Oxygen Go. Ltd.)] is provided. The essential features of

the apparatus are described below (referring to Pig. B.l):-

is the gas/perfusate reservoir with a volume of

176 ml. provided with a sailing point for each phase. The

injection mouldings covering the campling points were

fashioned from Gerber stoppers (given by Townson & Mercer

Ltd.) which were impermeable to GO^ when tested in a liquid
paraffin manometer system closed by the stopper and

pressurised with 00^. The outflow from A is pumped through
Tygon Autoanalyser sleeving of internal diameter 0*065"#

(Technicon Instruments Ltd.) to a filter housing (3) which

contains a 20 mm, porosity 3 sintered disc (Jobling & Go.

Ltd.). The flow beyond the filter is split into two paths,

one going to the cannula whose input is provided with a

bubble trap (0), and the other proceeding to the pressure

diaphragm (D). The pressure device consists of a rubber

stopper through which the input and output tubes pass to

terminate flush with the inside face. Over this face is

stretched a portion of rubber balloon and the assembly

pushed into a glass holder whose narrow opposite end is

connected by 'Portex* vinyl tubing (No.8:i|.*0 mm. ID; 6*0 mm.

0D) to a manometer system into which air way be pumped to

exert a known pressure on the diaphragm. Thus before

perfusate can pass from the input to output sides of the

pressure device, it must attain a pressure slightly in excess
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of the air pressure in the manometer system. This pressure

is that imposed between the pump and the diaphragm and hence

is approximately that exerted at the aorta [calculated

pressure drop from diaphragm to heart is about 0*1 cm. H^o].
The manometer on the pressure device was, in fact, calibrated

by attaching a manometer immediately before the aorta with a

heart in position. The control exerted by the elasticity

of the diaphragm was good since, if the flow through the

cannula at a pressure of 70 cm H^O was reduced from 10 roL/min.
to sero, the 'aortal* pressure only increased by 1*5 cm. H^O.
The outflow from the venous side of the heait fills the heart

chamber (S) and 'overflows' into the output tube mixing with

the pressure diaphragpi outflow at junction F. The flow now

passes to Junction 0 from which the outflow tubing has an

internal diameter of 0*110" and thence to a second pump.

The increased volume capacity of this pump is accommodated,

by gas drax-jn in at junction G from the upper part of

reservoir A with the result that small portions of perfusate

are interspaced by gas bubbles. As this gas/liquid mixture

flows up a diagonal glass tube (not shown) on its way back

to the reservoir A, continuous relayering of the liquid

along the tube takes place, thus exposing the maximum surface

area of medium to the gas phase to aid rapid reequilibratlon.

With a total flow round the system of 50 mL/rain. this system

can equilibrate air-saturated perfusate with 95$ 0^ in 13
minutes; 90$ saturation is reached in 5 minutes. With a heart

in the system the 0^ tension of the perfusate entering the
heart, measured by an 0^, electrode in the input line, was
found to remain at 94$ of saturation level.
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The choice of perfusion pressure is somewhat

arbitrary. The chief consideration in fixing its value

was to keep an optimum rate of flow through the heart.

Since rat heart is known to use about 7 ml. Op/g, wet weight/
hour (Long, 1961) and the solubility coefficient *n

2
water is 0*02lj. v/v, it can be calculated that the minimum

permissible flow is about 5 ml./toin. A pressure > 50 cm. H20
was generally found to be sufficient to supply this. The

arterial blood pressure of the rat is about 100 cm.HpO
(Prosser & Brown, 1961) while its colloid osmotic pressure

varies from 22 to 29 cm, EL,0 (Dittmer, 1961), and thus 70 cm,

(ca.100-29) H^o was used which allowed 10 «—» 13 ml/min. of
perfusate to flow through the heart.

The pumps were constructed in the department as

modifications of a fractional horsepower Parvalux 306 unit

controlled by a solid state controller from Sanders

(Electronics) Ltd. In all the experiments the total

perfusate flow round the system, i.e. bypass + heart, was

maintained at 50 mL/min. The water jackets of vessels A

and E were supplied serially from a thermostatted water bath

with the temperature so adjusted that the perfusion medium

being delivered at E had a temperature of 37°0.

B,2.2.2 Heart Cannulatlon and Perfusion

The rat was lightly anaesthetised in an ether/air

atmosphere, pinned to a board by its feet and the heart

rapidly removed from the thoracic cavity into about 50 ml.

of cooling medium in an evaporating basin. The heart,
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which ceased beating in about 3-5 seconds was squeezed

gently with the fingers, agitated a little to disperse

the blood, and placed in a fresh sample of cooling medium.

The aorta was trimmed just below the first branch and care

was taken to trim away any adhering fat pad or pericardium.

The atria were left intact.

The heart was then weighed by blotting it gently

with \i/hatraan No. 1 filter paper and dropping it into a

preweighed 3° beaker containing cooling medium.

A cannula, flowing gently with 37°G oxygenated

perfusion medium to exclude air bubbles, was tied into the

aortal stump so that its end did not penetrate as far down

as the ventricle tissue and occlude the coronary arteries.

The clamp, which had hitherto been restraining the perfusate

flow, was released and the heart was perfused, without

recirculating the perfusate, for 10 minutes. At the start

of the preperfusion period the heart beat violently but

after 5 minutes it had always settled down to a steady beat.

If the beat were unsteady or any discoloared areas of tissue

(denoting uncleared blood clots) could be observed the heart

was rejected. At the end of the 10 minute period, the

sleeving connecting the cannula to the perfusate flow was

pinched between forefinger and thumb, and the cannula

assembly (including the stopper and the heart) was rapidly

(<5 sec.) transferred to a second apparatus and the perfusion

period was timed from this moment.

Before placing the heart on the re-circulating

system the calculated quantity of lactate indicated by the

heart weight (aee Section C) had been added to the medium.
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The preperfusion medium contained all the additions made

to the perfusate (calculated on a value of 0*9 g.per heart)

except that it contained no hormone in the growth hormone

experiments.

The gas space in vessel A was filled with premoistened

02/C02 (95/5 v/v) gas mixture via a hypodermic needle inserted
through the perfusate (lower) sampling point. The gas

escaped by raising the small glass stopper at the top of the

vessel; the gas flow rate was adjusted so that this stopper

floated in the gas stream. After ten minutes of gassing,

the hypodermic was withdrawn and the glass stopper, which

had 'sat down* immediately, lifted briefly and then re¬

placed in order to relieve any pressure build-up.

Since the rat heart produces about 6 ml. of C02 per

hour, the perfusate pH will decrease (about 0*2 pH unit/hour)
and thus during 120 minute perfusions the system was re-

gassed for 10 minutes after about 60 minutes of perfusion.

Also before injecting radiochemicals, the system was re-

gassed for 5 minutes.

The volume of perfusate in the apparatus at aero

time was arranged to be 50 ml. Pilot experiments were con¬

ducted in which the closed circuit perfusate was primed

with nicotinamide. The dilution of this marker (allowing

for 0*5 mL/g. of intracellular fluid) showed that the

perfusate was diluted by about 1*5 ml. when the heart was

transferred. Accordingly only U-8'5 medium were added

originally to the reservoir.
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B.2.3 Sampling trocedures

B.2.3«1 Perfusate Samples

With the perfusion system closed, the withdrawal of

a fluid sample was compensated by the injection of an

identical volume of 0.^/CO^ gas.
All perfusate samples withdrawn were placed in a

5 ml. test tube, covered with a glass condensation bubble,

and heated to boiling point to denature the LDH which had

entered the perfusate from the heart, before the samples

were used for enzymic analysis. The tubes were then cooled

and any condensation worked back by swirling the solution

round the sides before the tubes were covered with 'para-

film1 and placed in a deep freeze at -20°C. The enzymic

estimations were done within 24 hours.

B.2.3*2 Preparation of Tissue Extract

At the end of the perfusion the heart chamber

stopper was raised and the heart clamped in tongs which

had been cooled in liquid nitrogen (Wollenbergsr et al.,

I960). The frozen tissue was broken into pieces which were

placed in a flat bottomed homogeniser tube cooled in an ice

mixture which contained about 2 ml» of perchloric acid/ethanol

mixture. The fragments were immediately blended using an

'Ultra-Turrax' homogeniser (Janke u. Sunkel, Staufen i.B.,

W. Germany) and,after washing out the apparatus twice with

a small volume of cold perchloric acid/ethanol, the protein

was spun off at 4°C. The supernatant, kept in an ice bath,

was neutralised (paper) with KOH. The KClOi was spun off in
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the cold and the supernatant volume was measured. 1*00 ml.

of this solution were stored at -20°G; the remainder had

5 pl« malic dehydrogenase (10 mg/rnL) + about 2 mg. NADH added

before being used immediately for pyruvate specific activity

measurement (section B.2.12.2).

The centrifuge tubes holding the two precipitates

were sealed with 'parafilm* and allowed to come to room

temperature, when, after removing the parafilm, they were

weighed and placed in an oven at 100°C overnight. They

were then cooled in a desiccator and reweighed to yield

the volume of original extract retained in the precipitate,

and so not measured with the supernatant.

B.2.jj, Amino Acid Estimation

B.2.I4.I In Tissue Extract

The method, which was used to give both the specific

activity and the pool sizes of alanine and glutamic acid in

the heart, involved separation of the amino acids by paper

chromatography. The radioactivity associated with the

relevant spots was measured and the amount of a-aralno N

in each sample was then determined using a quantitative

ninhydrin method (Moore & Stein, 1954)•

This order of radiochemical estimation followed by

ninhydrin estimation was chosen preference to estimating

a-amino N first followed by the counting of the ninhydrin

complex for two reasons: firstly because red coloured

compounds quench strongly in liquid scintillation systems

(Bush, 1963) and secondly because this procedure would
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Fig.B.2
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preclude the use of C-l labelled precursor, should this

be desired, since the carboxyl carbon is released as G0?
In the ninhydrin reaction.

Smith (I960). 0• I4. ml. of neutralised heart extract was

made acid with 2N-HC1, washed three times with 3 ml. of

ether to remove organic acids, and then taken to dryness

in an air stream. The residue was spotted evenly in a

4 cm.streak on Whatman No. 1 chromatography paper, and

placed in a tank which had been equilibrating at 37°G for

2I4. hours in a solvent mixture of n-Butanol/glacial acetic

acid/water: 12/3/5 v/v. After 3 hours the trough received

the solvent, and the paper was developed descending for

15 hours, when, after air drying, it was re-equilibrated

for 3 hours and again run for 15 hours. Pig. B.2 is a

photograph of a typical separation of amino acids in a

heart extract. In this experiment, some ]Alanine
had been added to a non-radioactive heart extract. The

radioactivity was confined to the area between the lines

drawn on the paper parallel to the start line. The alanine

spot of the extract is entirely within this area.

whether radioactive organic acids, incompletely removed by

the ether washing, might overlap the amino acid spots.

Most of the acids likely to be present run near the solvent

front except citrate, which is known to run just ahead of

alanine. In order to eliminate this uncertainty, an

experiment was carried out in which an excess of citric

The chromatographic separation was based on that of

The principal uncertainty of this separation was
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acid was applied with an aliquot of heart extract to the

paper and the paper was developed twice as described above.

The citric acid was located (Nordmann 5c Nordmann, I960) 8 cm.

nearer the solvent front than alanine. Thus the chromato¬

graphic separation appears to be satisfactory.

After chromatography the paper was allowed to dry in

air and a line was than drawn from the centre of the streak

at the origin, bisecting the paper. The paper was cut

down this line and one side was sprayed with ninhydrin and

the colour developed at 100°C for 2 minutes. Laying this

half beside the nonsprayed sheet allowed identification of

the areas on the latter occupied by the amino acids. These

areas were cut out along with blank areas of equal size.

The segments were placed vertically in reflectant-coated

counting vials containing 5 ml. of NE 213 scintillator solution.

The counting efficiency at i4°C in an automatic liquid

scintillation spectrometer (NE 830i|.; Nuclear Enterprises

Ltd.) was 79*2 _+ 1'2% (standard error; n = 5)» The

efficiency, determined by pipetting amounts of a standard

f1^C] alanine solution either on to clean Whatman No.l, or

on to areas cut from the chromatograms, remained the same

when the size of the paper strips was varied from 1 cm. x ij. cm.

to 2*5 am. x 6 cm, provided that the strips were not folded

across the bottom of the vial. When the segments had been

counted, they were removed, using forceps, to clean test

tubes, and there washed by soaking for 10 minutes in toluene

(twice), and then for 10 minutes in chloroform, before being

allowed to dry in air. Finally the segments were placed in
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1*0 ml. H20 + 1*0 ml. quantitative ninhydrin reagent. After
15 minutes in a boiling water bath, the mixtures were

cooled, 5*0 ml. of 60$ aqueous ethanol were added, and the

optical density of the solutions was read in a Unicam

SP 500 at 570 nm. The amounts of alanine and glutamate

present were read from a standard plot prepared each time

a fresh batch of ninhydrin reagent was brought into use,

using 0*05 - 0*25 pmoX©a of alanine standard. For glutamate

estimation the extinction coefficient was corrected by a

factor of 1*009, to represent the slightly increased colour*

yield given by this amino acid compared with alanine

(Moore & Stein, 195^) •

After removing the reagents from the scintillation

vials, the scintillator was re-counted to provide a back¬

ground reading, and to check that no counts had been lost.

In practice, this scintillator always remained uncontaminated,

and it was possible to collect it and store it under N- for

reuse.

B.2.1i.2. In Perfusate

1*0 ml. of perfusate was taken down to dryness in an

air blast, and the amino acid composition of the realdue

determined using a Locarte Automatic Amino Acid Analyser.

Standard quantities of amino acids, added to perfusate,

and treated as above, gave the expected colour yields.

B.2.5 Carbon Chain Degradation of Pyruvate and Lactate

The procedure adopted was to add 500 pmoles of

carrier pyruvate to 30-35 ml. of 60 minute perfusate to which
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labelled lactate had previously been added at 30 minutes.

The solution was acidified and treated to continuous ether

extraction for 8 hours, after which the ether was blown off

in an air stream and the residue applied to a solicic acid

column (B.2.10.1). The cut containing the pyruvate was

extracted with Ka^CO^ after the CHCl^ had been removed in
an air stream. Lactic dehydrogenase and NADK were added

to the neutralised extract to convert the pyruvate to

lactate and the solution was then acidified and subjected to

8 hours continuous ether extraction. The ether was blown

off and the lactic acid in the residue was degraded as

detailed by Sakami (1955) with the undernoted exceptions.

In Investigating perfusate lactate, 500 fimoles of

cold lactate were added to a ml. sample of perfusate (the

amount of pyruvate was negligible). The solution was

acidified and the lactic acid extracted into ether, as

detailed above.

Pig. B.3 presents an outline of the method used.

The iodoform and ["^cjBaCO^ were radioassayed as a suspension
in NE 221 gel scintillator.

There wers two stages which gave low yields:

(1) the trapping of GH^OHO and
(2) the Pirlet Oxidation of H.C00H > C02.
Both of these led to poor estimation of the carbonyl carbon,

and an alternative method of assaying the CH^CHO with yeast
alcohol dehydrogenase and counting 1 ml, of the aqueous

solution in 5 ml. of dioxane was used.
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B.2.6 Chloride Eatitaatlon; and Determination of Perfusate

Contamination in Heart Extract

The titrimetric method need for chloride estimation

was that of !\!hite (1961). The estimated chloride content

of the perfusate was not altered by adding perchloric acid/
ethanol to it, and neutralizing, before the estimation was

carried out.

Comparing fcitres from equal volumes of perfusate and

heart extract, yields a value for the apparent volume of

perfusate which is present in 1 ml. of extract.

However, this simple arithmetical procedure assumes

that the heart cells themselves contain no chloride, which '

is not so. Zachariah (1961) has found, using a r&ffinose

extracellular marker, that the chloride concentration in

the intracellular water of perfused hearts is 23/ of that

in the extracellular environment. Gilbert (1963),

referring to inulin finds the figure to be 25/, and W.ft.

Gardiner (unpublished results) in this laboratory, U3xag

identical perfusion conditions to those in this work, finds

26*5/ (x*affinose marker). Gardiner also finds that 1 g. of

heart weighed by the method given in section B.2.2.2 has

0*516 _+ 0*019 ml< of intracellular fluid (raffinose markex^:

value given is mean + S.E.M; n = 27). The weight will

include fluid in the chambers of the heart. On this basis,

an estimate has been made, for each heart, of the intra-

cellulax* chloride content. Thus the volume, (0*25 x 0*506 x

g. wet weight) ml, represents intracellular fluid of the

same [CI ] as perfusate and is subtracted from the total
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apparent perfusate in the extract, to give the true

perfusate •contamination' of the extract.

The applicability of this correction factor to my

experiments was tested with four hearts, and the result is

shown on Table B.l:-

TABLB B.l

g wet ml. Perfusate contaminating Extract
weight CI" corrected Cl~ raffinose

0*94 0*86 0'7k 0-71

0-88 1-17 1-06 1-114.

0-70 0*57 0-1+8 0-14.9

0*80 0*^0 0 • 30 0-31

mean + S.E.M. 0-75 i 0-18 0*65 1 0-17 0*66 0*18

Thus the raffinose and the corrected chloride

agree, and the chloride method, since it is simple and

rapid and requires only I4.OO pi. of extract, was used routinely

to give an estimate of the amount of perfusate present in

the extract.

B.2.7 Glucose Estimation

The glucose concentration in the perfusate was

estimated by the method of Hill and Cowart (1966) using gum

guiacum as the ohromogen. It was set up on a Teohnicon

Autoanalyser exactly as described by O'Brien (1969). The

glucose standards used were I4., 8, 5e 12 pg/ml, and the samples

were diluted (100 pi. perfusate -» 10*0 ml.) to fall within this

range.
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Ivhen the transmissions had been read from the

graph, they were processed using a program written for

an Olivetti Progamma 101, (see O'Brien 1969). This first

of all converted the data to absorbanoe units and then did

a least squares regression of abaorbance on glucose

concentration using the data from the standards. The

extinction coefficient derived from this was applied to

the mean estimate of the unknown values.

B.2.8 Glycogen Estimation

The method used was that of Good at al. (1933)*

The volume of the neutralised glycogen hydrolysate was

adjusted to 10 mL5and 200 pL of this solution taken to

10*0 mL, provides a glucose solution in the range ig-lO pgyfal,
suitable for estimation by the method given in section B.2.J.

B.2,5 Lactic Acid Estimation

B.2.9.1 Chemical Estimation

The method used was that of Lundholm et al. (1963)

and is based on the oxidation of lactate by NAD* in the

presence of LDH, using hydrazine to trap the pyruvate

formed. This was found to give the theoretical yield of
2

NADH (3I4J4. nm, extinction coefficient at pH 9 s 6*22 cat. /pmole)
with aliquots of a standard lactate solution containing

0*1-0*^ pmolea. For perfusate samples the assay mixture

was j-

3*6 ml. glycine/hydrazine buffer pH 9*0

0*2 ml. NAD+ (0*027 M)
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0*1 ml. perfusate

0*1 ml. LDH solution, 1-lj. mg. protein/ml.

After inoubating for 1 hour at 37°C the optical

density at 3^0 nm. was read (against a Ringer-bicarbonate

blank) in a Unlearn SP 300 spectrophotometer. Estimations

were carried out in duplicate. For heart extract samples

the mixture waa:-

830 pi. glycine hydrazine buffer

30 pi. NAD+ (0*027 M)

100 pi, neutralised extract.

These reagents were pipetted into a semimicro cuvette

(1*2 ml. capacity) and each, with a corresponding blank tube

(100 pi, K^O), placed in a 37°C heated cell-carrier in a
Unicam SP 800 spectrophotometer supplied with an SP 830

scale expansion accessory (used on the 5* range) and a

slave recorder. The multi programmer was set to read the

tubes and, after the base line had been established, 20 pi.

of 3 mg/fal. LDH solution was added to each tube (including

blanks) and the samples read serially until there was no

further increase in optical density (about 30 minutes).

B.2.9.2 Estimation of the Specific Aotivity of Lactate

In order to estimate this directly, the lactate must

be separated from any other labelled compound. The radio¬

activity end the lactate content of the purified compound

must then be eetimated. The separation presented some

difficulty since chromatography on paper (Edwards et al.

1963) and on thin layers of cellulose (Passera et al. 196i+;
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Higgins and von Brand, 1966) proved unsuccessful in our

hands; and, although column methods are available (see

section B.2.10), with four perfusate samples per heart, it

was impossible to find time to run four micro-columns each

with its own gradient, with so many other assays to do.

Further the recovery from a scaled-down silica column

(section B.2.10.1) was variable and so poor that there was

hardly enough lactate to detect in the enzywic assay. The

recovery from the resin column (section B.2.10.2) was good,

but the elution volume was > 3 ml. and contains too much

formate to allow the volume to be reduced without inhibiting

the enzymic assay; so again, unless about 1 ml* of perfusate

were available, the precision of the enzymic assay was poor.

The principal labelled constituents of perfusate,

apart from lactate, would be expected to be pyruvate and

bicarbonate. Thus it seemed reasonable to test whether

one might count this perfusate sample directly, after

removal of the HC0^~ by evacuation, and correct this value
for pyruvate counts which would be known, since the

concentration and specific activity of pyruvate were being

determined independently. Since perfusate lactate

concentration was being determined enzymically the acouracy

of this method would depend on how completely the HGO^ +
was removed and whether any lactic acid, which is

known to be appreciably volatile, is removed with it. It

would also depend on the correctness of the assumption that

no other labelled compounds are present to any significant

extent in the perfusate. The best test of the method would
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Table B.2

1*0 ml. sample of perfusate, 30 minutes

after introduction of ^-1^c] lactate was applied

to a Dowex-50 column (B.2.10.2). Also 100 pi.

of the same perfusate solution + 2 pi. N-H^SO^ in
a counting vial were evacuated in a desiccator

at a water pump for 10 minutes.

pmoles
lactate

^counts
per sec.

Specific
Activity

Column
fraction: 8 0*169 21*8 11*69

9 0*232 366 11*59

Evacuated
Sample 0*01*1 59*5{2) 11*50

(1) corrected for background and counting
efficiency (B.2.13)

(2) Total Counts «* 67*8 cps; corrected for

pyruvate (0*106 raM)
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clearly be whether the 3.A. derived by this method were

identical,within the limits of experimental error, with
that obtained by the chromatographic method.

When 0'2 ml. of standard [2-^0] lactate solution +

20 pi. N-RgSQ^ + 0*1 ml. H-0 were measured into a counting
vial and placed in a desiccator which was then evacuated

at a water pump for 60 minutes, no loss of radioactivity

was observed. When the experiment was repeated with a

100 pi. sample of ["^C jNa^CO^ dissolved in perfusion medium
no radioactivity could be detected after 10 minutes

evacuation.

The results set out in Table B.2 describe a typical

experiment in which the 3.A. of lactate, estimated by the

evacuation method was compared with the 3.A. found after

separating the lactate on a Dowex-50 column (section

B.2.10.2). The S.A. values are the same.

Thus the lactate specific activity was routinely

measured by pipetting duplicate 50 pi. samples of perfusate

into counting vials, adding 20 pi. of .1 N-HgSO^ and
evacuating these in a desiccator at a water pump for 10

minutes. Then 5*0 ml. of dioxane were added to each vial

and the radioactivity assayed as described in section B.2.13.

B.2.10 Chromatography of Organic Acids.

Two types of column method have been usad:-

B.2.1Q.1 Adsorption Chromatography; Thi3 was

performed on a salicic acid column and is suitable for
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preparative work since the acids are readily recoverable

from the butanol/chloroform eluate. This column was set

up and run exactly as described by Vamer (1957) except

that elution was started with 200 ml. of the 15$ n-butanol/

chloroform mixture. Samples of perfusate were treated to

the quantity of concentrated H^SO^ calculated to make the
final solution 0'5 K in H^SO^ before they were adsorbed in
the silicic acid. Pyruvic acid elutes between tubes 12 and

20 (3 ml. samples) and lactic acid between tubes 28 and i+2.

B.2,10.2 Anion Exchange Chromatography

This method is based on that of Alfredson et al.

(1963) and is suitable for separating small amounts of

lactic acid from other organic acids. The exchanger,

Dowex-50 (quaternary ammonium groups on a polystyrene base),

was packed to a height of 10 cm.in a 20 cmcx 6 mm.glaas

column and converted to the formate form with 1 M-ammonium

formate and then water washed. Perfusion medium solutions

were diluted 1:5 with water to minimise salt effects and

washed on in water. The eluting regime, at a flow rate of

20 ml/hour, was a formic acid gradient produced by the

influx of I4. N-formic acid into the stirred 100 ml. solvent

reservoir primed with water at the start of the run.

Lactic acid elutes with 65% yield between tubes 9-12 (1 ml.

samples) and with 100$ recovery over tubes 9-1U* The

pyruvate comes off between tubes 28-32. Lactic acid

elutes from this column at a formate concentration which

does not interfere with enzymic estimation, a situation
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whioh no longer holds after tube 15. Further, formate

Is a very powerful quenoher in liquid scintillation

systems and consequently if radioassay is required the

S.A. of any acid applied must be high enough to allow a

small sample only to be oounted.

B.2.11 Measurements of Oxygen Uptake by the Heart

The drop in oxygen concentration across the heart

was measured in these experiments by placing an oxygen

electrode (Yellow Springs Instrument Co. Inc., Ohio, U.S.A.)

in the perfusion line immediately before it passed into the

heart and another immediately after the heart reservoir.

The flow-through unit which was designed to accommodate

an electrode is shown in Fig. B.lj.: the stainless steel

input and output tubes were required to eliminate static

charges in the assembly and were earthed to the metal

supporting framework of the perfusion apparatus. The out¬

put voltages from the electrodes were displayed on a 1C aV

multipoint recorder (Honeywell Instruments Ltd., Newhouse,

Lanarkshire) and the scale calibrated by finding the response

of air-saturated medium,and medium saturated with 95/^ 0^.
The zero point of the scale was tested at the end of the

perfusion using the ooimnereial oxygen absorber sold for this

purpose (RCH-C^-Absorbens; from Ruhrcheraie Abtiengesellschaft,
Oberhausen-Holten, W. Germany).

In order to find the oxygen uptake of the heart it

is necessary to determine the flow through the organ. This

was achieved by attaching a long length of standard bore
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tygon autoanalyser tubing (0*065" internal diameter) into

the heart chamber outflow after the oxygen electrode, and

before the junction P (Pig. B.l). This tubing was joined

to the perfusion apparatus tubing by a rubber sleeve at

the heart chamber and strapped to a metre stick and marked

in two places about a metre apart. The volume between the

marks was calculated and checked by filling with and

then displacing this into a weighed vessel. Using a gas-

tight syringe (Hamilton Co. Inc. California, U.S.A.) a

small quantity of 0^/GO^ was withdrawn from the gas reser¬
voir and injected into the rubber sleeve,and the time taken

for the bubble to pass from one mark to the other was timed

with a stop-watch. The mean of three readings was taken

and the flow was measured thus every 5 minutes during the

perfusion.

B.2.12 Pyruvate Estimation

This divided into two partss-

(1) the determination of the concentration in perfusate

and extract using lactic dehydrogenase.

(2) the estimation of the specific activity using quin-

oxaline derivatives.

B.2.12,1 Bngymlo Assay

The method used was based on that of Bucher et al.

(1963) and was carried out in a Uriicara SP 800 Spectrophoto¬

meter supplied with an SP 850 scale expansion accessory.

The assay mixture used for perfusate samples was:-
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830 pi. of 0*1 M phosphate Buffer pH 7*0

50 pi. perfusate

100 pi. NADH

+ 20 pi. LDH (026 mg. protein/mL)

The solution of NADH was made up so that 100 pi. in 1 ml, of

buffer gave an optical density of about O'l^. (scale expanded

5x) and a standard quantity of pyruvate gave the theoretical

optical density decrease (3^0 nm. extinction coefficient at
p

pH 7*0 = 6*28 cm./pmole). For the estimation on the

extract, miorocells were used (about 0*7 ml* capacity) at lOx

scale expansion; the mixture was:-

300 pi. 0*1 M phosphate buffer pH 7*0

100 pi, NADH (solution giving < 0*2 optical density)

50 pi. neutralised extract

5 pi* LDH 10 mg/ml.

The technique employed was to establish an initial reading

in the absence of enzyme and then to add the LDH, stir the

solution with a small non-wetting plastic rod and re-read.

Estimations were carried out in duplicate and the readings

were compared with blanks in which buffer replaced perfusate

or extract.

B.2,12.2 Specific Activity Measurement

The method used for the estimation of the specific

activity of pyruvate was that of Mowbray and Ottaway (in

preparation; preliminary communication, 1967). The

method involves the preparation and purification of

quinoxaline derivatives (see Fig. B.5) of 2-oxo acids.
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Fig. B.6
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Thu3 the method can also be used to determine the S.A.

of 2-oxo giutarate. These very stable derivatives are

colourless and hence do not present quenching problems in

radioas3ay, but they have an intense absorption in the

ultraviolet [Xmax. (in 1 N-HH^OH) 343 ^nm.j Emole = 8'3 x
6 2

10 era. ], so that very small amounts can be easily estimated.

The procedure adopted for the preparation of pyruvate (and

2-oxo giutarate) derivatives from perfusate or heart

extract is outlined on Pig. B.6. All the steps between

cooling to 4°G down to the chloroform extraction were carried

out in a cold room (4°0) to minimise the self-condensation

of o-phenylene diamine to form phenazine derivatives. These

yellow substances tend to come through into the final

extraction, and if they are present in excessive amounts,

mask the spot on the chromatograms corresponding to the

pyruvate derivative. If this occurred, this spot had to

be extracted with NH^OH and rechromatographed.
The quinoxalines were taken up in chloroform for

application to a 230 p thick layer of silica gel-G on a

20 cm.plate. The ohromatogram was developed ascending

in butan-l-ol/ethanol/0'5 H-ammonia (70:10:20 v/v). The

solvent front travelled 20 cm. in 9 hours and the Rf values

found were:-

2-oxo-glutarate derivative 0*23

o-phenylene diamine 0*68

pyruvate derivative 0*83

The quinoxalines were detected under a 8.V. lamp by their

intense blue fluorescence (o-phenylene diamine is dull
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purple). The spots were scraped off the plates into

centrifuge tubes, and extraoted with 0*6 ml. 1 N-ammonia.

The silica was spun down. The supernatant was removed to

a graduated centrifuge tube, and the silica was re-extracted

with 0*3 ml. of ammonia. The volume was adjusted to 1*0 ml.

and the optical density was read at 3k} nm.against a water

blank. Thi3 solution was now pipetted into a silvered

counting vial and after adding 5 ml. of dioxane-based

scintillator, the radioactivity was determined (see section

B.2.13). The overall yield of pure derivative is about

50/S of theoretical and the counting efficiency about 70%,

The preparation of standard derivatives is given

in section B.1.2.

B.2.13 Radioactivity Determinations

All counting of radioactive emissions was done

using scintillation techniques with an automatic sample

changing refrigerated (4°C) spectrometer (NE 830i*-» Nuclear

Enterprises Ltd., Edinburgh). This machine has two

scalers both working from the same photomultiplier tube.

Each is supplied with a pulse height analyser unit.

Except for the amino acid determinations, for which

the radioactive counting procedure has already been des¬

cribed (section fl.2.14.), all radioassays were performed in

the dioxane-based * Soinstant * scintillator. The sample,

varying from 20 pl« to 1*0 ml. in volume, was placed in a

silvered glass counting vial, 3*0 ml. of scintillator was
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added, the vial was stoppered and shaken and then placed

in the turntable unit of the sample changer. All samples

were oounted over at least three cycles, each occupying at

least 5 hours. This ensured that the vials would have time

to cool and also to lose any daylight-induced luminescence.

Moreover, any machine drift would be observed. The counting

time for each sample was normally 1000 seconds which would

allow more than 20,000 counts to be registered (S.D. < 0*1$),

When the count rate was lower than 20 ops a 10,000 second

interval was used. The background count at the instrument

settings used was < 2 cps so that the standard deviation of

the net counts was < 2*3Duplicate blanks (of scintillator +

the solvent used in the samples e.g. perfusion medium or

NH^) and standards ([^C jhexadecane + dioxane) were run with
each set of determinations.

The determined net counts were corrected for

counting efficiency by the Channels Ratio method for

quench correction (Bush, 1963). The quench correction

curve was obtained by taking a vial containing standard ["^C]
hexadecane and dioxane, determining the count rate, the

efficiency, and the ratio of the counts in the two scalers
when they were set at different pulse height levels (the

Channels Ratio). Then quencher was added and these para¬

meters re-determinedj this process was repeated to obtain

more quenching until a series of Channels Ratios (C.R.),

for various counting efficiencies, was accumulated. The

quenchers used were water, acid, alkali, various solutions

of all the perfusion chemicals or estimation derivatives.
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It was found that even withdrawing successive amounts of

the silicone oil which is used to obtain good optical

contact between the base of the vial and the photo-

multiplier tube, produces suitable 'quenching*. I found,

to my surprise, that the points obtained^with no matter which

quencher^all lay on the same C.R. vs. efficiency curve.
Choice of channel settings is somewhat arbitrary (Bush,

1963). It was arranged so that efficiency ranges of

QG% —> 60% corresponded to Channels Ratios of about 2-1]. so

that the counts in each channel differed as little as

possible in counting precision [standard deviation = (number
X,

of counts)1" J. The correction function for the machine used,

was stable over several months and required renewal only

when electronic components in units other than the scalers

or timer were changed. The gate widths used were infinite

and the discriminator voltage was 0*6 V in channel I and

1*5 7 in channel II; the ratio used was channelI/channel II.

Pig. B.7 is an example of a quench count correction curve

used in this study. The points were fitted to a quartlc

equation (by the method of orthogonal polynomials) and a

program for the Olivetti Programma 101 electronic computer

was written which accepts the raw counts and produces quench-

corrected values as output. Pig. B.8 gives the quartic

equation fitted to the point3 of graph Pig. B.7 and the

Olivetti program to use this.
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B.2. lit. Rafflnose Estimation

This determination was carried out using the method

of Gilbert (1963)» which use3 a Technicon Autoanalyser.
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_G Kxperimenta with the Perfused Rat Heart

The work was conducted essentially in two parts

and will be presented as such.

The first part was devoted to finding steady state

conditions and determining parameters, such as the rate of

glucose uptake, oxygen uptake and glyoogen change, which

might be representative of steady state metabolism. In

addition to this, there were ancillary investigations into

possible methodological problems.

The second part was the use of tracers to examine

the relationships between the pools of metabolites and to

establish if possible the exchange rates between the

compartments.

C.l Preliminary Studies

C.l.l The Establishment of Steady State Values In

Compartments

C.l.l.1 The Perfusate Lactate Concentration

C.l.1.1.1 The Control Experiments

Since the perfused rat heart can both produce and

utilise L(+) lactate (see section A.^.7), there ought to

exist an equilibrium concentration at which the pool size

remains constant.

A lactate equilibrium of this sort would permit

introduction of label without disturbing the steady state

and might possibly provide continuous access to intracellular
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Perfusate [Lactate] as a function of time

'The vertical lines indicate addition of lactate to the perfusate

at that time.

1.5

1.0

<D'

$ 0.!
o
Rj
H

(1) Fasted

X

/
M

20 40

f

60

© ©_

8o 100 120

(2) Fed

2.0 -A- A *

A

A 'A
/

A'

1

rjp 1.0
Rj

o 0.75

0.5

A

A

-A
v- "A

^A-A-"A
0

20 40 ~5o So "ToU"

min.



- 6-3 -

lactate if the perfusate tissue pools equilibrate rapidly

enough. The heart wa3 perfused with Kreba-Ringer bicar¬

bonate containing 1 mg/nl. (5*56 mM) glucose. A quantity

of lactate was added to the perfusate, three 0*3 ml. samples

ta'ien over a 20 minute period, a further quantity of lactate

added and more samples taken. This process was repeated

until perfusion had been going for two hours. It was

supposed that if, after adding the lactate, the perfusate

concentration was still below the equilibrium level, then

the trend in the samples would be towards higher levels:

if the level was higher than the equilibrium concentration,

the trend in the twenty minutes would be down. The

experimental results shown in Figs. C.l.l and C.1.2 show

that the expectation was justified, and that the equilibrium

concentration lies at about 1 pmole/ml. for hearts from

fasted rats and 2 pmol6s/ml. for hearts from rats fed ad lib.

Some fed rats, however, showed a pattern more like that of

Fig. C.l.l. This discrepancy possibly depends on blood

insulin level governed by time of eatingj and in fact the

picture of Fig. C.1.2 is that to be expected in the presence

of insulin (see below). Experiments hereafter were always

confined to 2q. hour fasted rats to minimise variations of

this sort.

In order to establish the equilibrium concentration

more exactly, experiments were conducted in which standard

lactate was added to the perfusate before the heart was

placed in the apparatus. The zero time concentration was

about 1 inM and 0*5 ml. samples were taken every fifteen minutes
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Table G.l

Time 0-85 R. Heart 1*4 K« Heart

(min.) [Lactate] (Lactate ]/g. [Lactate] (Lactati

15 0*568 0*668 0*948 0*677

30 0*568 0 *668 0*910 0*650

45 0*671 0*789 0*935 0*668

60 0*477 0*562 1*052 0*751

75 0*548 0*6i+5 1*045 0*746

90 0*658 0*774 1*052 0*751

105 0*671 0*788 1*148 0*830

120 0*651 0*765 1*040 0*743

mean 0*602 0*707 1*016 0*727

S.D. 0*072 0*084 0*079 0*059

S.E.M. 0*025 0*030 0*028 0*021

A B C D

t-teat G-A p < 0*001

D-B 0*7 > P > 0*6



[lactate]mM/g.ww.
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for two hours. It was observed that while the lactate

concentration attained an approximately constant value

during the course of the perfusion, the actual level was

lower for smaller hearts. An extreme example of this is

given in table C.l, where the perfusate lactate concen¬

tration of the 1 *ip g. heart has reached an equilibrium level

around 1*05 raM while that of the 0*85 g.heart has settled

to about 0*6 raM. This difference is eliminated by correcting

the perfusate concentrations to unit heart weight, as shown.

If increased heart weight means increased cell

numbers or a proportionate increase in all parts of every

cell, then the effective intracellular concentrations of

lactate per unit cell volume at equilibrium would not be

expected to be different (provided the increase put no strain

on the supply of nutrient) and the observed equilibrium

perfusate concentration would be independent of heart weight.

The results obtained indicate that the perfusate concentration

is proportional to the total amount of lactate in the organ

and not to the concentration. The reason for this is not

at all clear but the result is very useful In practical terms

since it means that the perfusate lactate pool will bear a

constant relationship to the tissue pool sizes; and so

perfusate as well as tissue data from different hearts can

be compared directly, after correction for tissue weight.

'When the initial lactate concentration was about

0*8 mM/grara wet weight (g.wvr) the lactate concentration per

gram wet weight settled down, after an initial phase lasting

about 30 min., to an equilibrium level for the next 60 min.

(Fig. 0.2).
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Fie:. C.3 Time Course of Perfusate Lactate Concentration
W.. .. . . - - ■ - . M. - . . .. .

The points are the means - S.E.M. from seven hearts and

lactate was added in the perfusate.
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Fig. C.k Time Course of Perfusate Lactate Concentration

in the presence of Insulin (lOOmU/ml. )

The ooints are the mean — S.B.M. of 6 hearts.
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Fig. C.9 Time Course of Perfusate Lactate Concentration

in the presence of /ml. Growth Hormone

The points are means i S.E.M. from 6 hearts.
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Throughout bhis study it is proposed to assume that

hearts from different animals are replicates of one another

and mean values of the sum of the data from individual

hearts will represent the average rat heart.

Figure 0.3 shows a plot of the time course of

perfusate lactate concentration, corrected for heart wet

weight. Each point is a mean of seven and the vertical

bars represent the standard errors of the means.

0.1.1.1.2 The Effeot of Insulin

The experiments were repeated in the presence of

100 milliunits/ml. insulin and the equilibrium level found

to be considerably higher, as shown in Figure C.1+.

0.1.1.1,3 The Effect of Growth Hormone

bhen lactate, to make the concentration 0*73 mM/g.
wet weight, was added to perfusate containing growth hormone

(ll (j.g/ioD , the concentration remained essentially constant

during the first 90 minutes of perfusion. Figure 0.5 shows

the data from 6 hearts. In contrast to the previous experi¬

ments there is a distinct rise in the lactate concentration

after 90 minutes of perfusion.

C.l.l.l.ii Conclusion

The proposition that an equilibrium concentration of

lactate in the heart perfusate ought to exist has been

justified by experiment. This concentration appears to

depend on the wet weight of heart and is unaffected by

growth hormone but approximately trebled by insulin.
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Fir;. c. 6 Time Course of Perfusate Pyruvate Concentration

The points are means - S.E.M. from 5 hearts.



Pipc. C.7
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Time Courses of Perfusate Pyruvate Concentration

after pre-zero-time pyruvate addition
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Fig. C. 8 Time Courses of Perfusate Lactate Concentration

after pre-zero-time pyruvate addition

min.
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C.1*1.2 The Perfusate Pyruvate QoncentratIon

G.1*1*2*1 The Control Group

Since pyruvate has been detected in rat heart per¬

fusion fluid (Gpie et al*, 1963; Garland et al., 1964),

aliquots of 0*5 ml. perfusate samples from hearts perfused

with 1 mg/ml. glucose medium containing 0*73 mM lactate/g.

wet tissue were assayed for pyruvate. Figure C.6 shows the

results obtained.

It was hoped that an equilibrium perfusate pyruvate

concentration, corresponding to that of lactate, would exist

and thus pyruvate was added to the perfusate before the

heart was placed in the system. The results, presented

in Figure 0*7 show that this was not so and that the character¬

istic shape of the curve persists, while the lactate remains

reasonably steady (Fig. G.8), at least during the first 60

minutes. Curves in Figs. 0.7 and C.8 which come from the

same heart are given the same symbol. On the assumption

that the turning point in the curves is caused by a change

in metabolic state occurring about 30 minutes after cannul-

ation, a heart was preperfused for an extra 30 minutes before

being transferred to the closed circuit system containing

lactate and pyruvate. The pyruvate time-course remained

unaltered, as it did after preperfusion in the presence of

lactate (0*7 mH) and pyruvate (0*12 mM).

The accumulation of CC^ in the closed system must
|

increase the [H J a little (about 20 nanomolar/hour). Since

pyruvate metabolism might be sensitive to this

(e.g.1 s constant), the perfusions were
[H ][NADH][ Pyruvate]
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Fxp;> C»9 Time Courses of Perfusate Pyruvate Concentration

in the presence of lOOmU/ml. Insulin

min.
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Fi,-. C.10 Time Course of Perfusate Pyruvate Concentration

in the presence of Tup;./ml. Growth Hormone

The points (e ©) are the means - S.E.M. from 5 hearts

Q are from a single heart.
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conducted with continuous oxygenation: but again without

effect on the pyruvate time-course.

2. The Effect of Insulin

When 100 mU/ml. insulin were added to the perfusate,

tne perfusate pyruvate concentration reached a much higher

level than it had done with the control group although it

still showed a maximum at about 30 minutes (Fig. G.9 hearts

1-3). This correlates quite well with fact that the

perfusate lactate equilibrium level is 3 times higher with

insulin than the control and suggests higher intracellular

substrate concentrations than in the control experiments

(c.f. G.2.3.2.8, page 163).

When some pyruvate is added at zero time, the height

of the pyruvate maximum is decreased (heart ij., Fig. C.9)

until it is in the range shown by the control group (Fig. C.7)*

When the amount of pyruvate added is raised further,

(hearts 5 and 6, Fig. C.9), the maximum is abolished or

occurs at a much earlier time, (about 5 minutes). The

perfusate lactate remains essentially constant in the face

of this variation in perfusate pyruvate (mean plot is that

of Fig. 0.14-, section G. 1.1.1.2).

G.1.1.2.3 The Effect of Growth Hormone

When hearts were perfused in the presence of 1+ pg/ml»

growth hormone, a pyruvate concentration time-course similar

to that of the control group was observed (Fig. C.10). The

pyruvate concentration decrease after 30 minutes was not,

however, nearly as great as was observed in the control
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Fi. C. 11 Logarithm of Perfusate Pyruvate Concentration

plotted against. Time from 30-12-0 minutes
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experiments (see Pig. C.7). The time-course of the

perfusate lactate corresponding to the pyruvate curve of

Pig. C.10 was presented in section C.1.1.1.3 (Fig. C.5) and

shows a tendency of the perfusate lactate concentration to

increase after 60 minutes.

G. 1.1.2.1+ Discussion

It seemed possible that this transition from net

production to net utilisation of pyruvate might be due to

a change in the heart NAD+/toABK ratio. However, Gardiner

(unpublished results) in this laboratory has found that thore

is no significant change in the ratio over 90 minutes of

perfusion.

A possible explanation for this turning point in the

pyruvate concentration curve is that it is due to an increased

use of cytoplasmic pyruvate after 30 minutes. The reason for

this might be deoreased utilisation of endogenous fatty acid

after the first 30 minutes. The slower utilisation of

perfusate pyruvate in the presence of growth hormone would

agree with this since it is known that this hormone decreases

the R.Q. (Greenbaum, 1953J Ketterer et al», 1957) presumably

by promoting fatty acid oxidation in preference to carbo¬

hydrate. then hearts are perfused in the presence of fatty

acid, however, no pyruvate can be detected in the perfusate

(Gardiner, unpublished results).

A plot of the logarithm of the pyruvate concentration

from 30-120 minutes is shown on Figure 0,11. The values

are from one of the curves (□ ) in Figure C.7» although

points from insulin or growth hormone experiments provide
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qualitatively similar curves. As shown in Figure G.ll

the points do not lie on a single exponential and may be

split into the sum of two exponentials (at least). The

perfusate pyruvate concentration (P) in Figure C.ll after

30 minutes is described by the function:-

P = 0*071 e-°'°71|t + o*063 e"°'001t
where t = (perfusion time - 30) in minutes.

Assuming that the concentration of perfusate pyruvate

depends on the concentrations of lactate and the pyridine

nucleotides, as it has been suggested is the case in the

cytoplasm (Hohorst et al., 1939), and assuming that the

NAP+/toADH ratio is constant, the relationship between lactate

and pyruvate might be described thus:-

kl
Pyruvate v- ■ «, ■ ■ St Lactate (1)

k2
where k^ are 1st order rate constants,
i.e.

d [Pyruvate] = -k-, [Pyruvate] + kp[Lactate] (2)
dt *

[x] means the concentration of X.

Since perfusate [Lactate] has been experimentally found to

be constant (as has intracellular lactate, Gardiner, unpub¬

lished results), (2) can be solved for [pyruvate] to yield

an expression of the type:-

[Pyruvate] = A + Be klfc
where A,B are constants,

which does not agree with the observed functions.

If kp were not constant, but a variable of the form
"■* s t

kp ~ K e where K,s are constants,
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then the solution for [Pyruvate] would have the foriat-

[Pyruvate] = A e~st + B e"^clt (3)

Thus the assumptions leading to (3) above are one set, at

least, which lead to a solution compatible with the

observed functions after 30 minutes.

The assumptions leading to equation (3)» of course,

ignored the chemical reality that if the [Lactate] is
constant and (1) holds, how can the [Pyruvate] change?

Thus either some other reactions are involved in maintaining

the lactate concentration or lactate and pyruvate are not

described by (1).

Further discussion of this situation is postponed

until the results of the modelling studies have been

presented.

t/hatever the reason for this variation in pyruvate

concentration, the pyruvate time-course seems strikingly

reproducible after 30 minutes of perfusion. If a steady

state is not available then the next best thing is a

reproducible one together with a mathematical equation

which will describe (but not necessarily explain) the

[Pyruvate]-time relationship, and which can be used in

the modelling to see how it will predict the tracer fluxes.

Thus, since the lactate concentration is steady

between 30 and 90 minutes and the pyruvate concentration is

reproducible, I decided to abandon further consideration of

this pyruvate change and, adhering to the original purpose
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Fip;. C»12 Time Course of Perfusate Glucose Concentration

120

mm.

a Growth Hormone Perfusion

an Insulin Perfusion
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of the research, look at the exchange rates In this re¬

producible period. These might themselves suggest an

explanation for this behaviour and be useful in planning

other experiments.

C.l.1.3 Glucose Uptake

It is possible to derive an estimate of the amount

of material entering the pyruvate pool from the Erabden-Myerhof

pathway by measuring glycogen change and glucose uptake

(C.I4..5).

Accordingly the perfusate glucose concentration has

been measured in perfusate samples. Figure C.12 shows two

examples of the plots of glucose concentration against time

constructed for each heart. The removal of glucose from

the perfusate appears to be a linear function of time.

The rate of uptake was estimated by measuring the

gradient of the straight line through the points and

multiplying this by the mean perfusate volume.

The estimation and use of a mean perfusate volume

requires some comment. The total volume of perfusion

fluid just before transferring the heart to the system was

14.8*5 ml. The heart and cannula introduced about 1*5 Ml. of

perfusate (B.2.2.2) which would vary between hearts depending

mainly on the volume of the heart chambers. Thus the true

volume was not known, but would not be + 0*5 ml. from 50 ml.

total initially.

If 0*5 ml. samples were taken at 5 and 15 minutes,
and at 15 minute intervals thereafter during a 2 hour
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Table 0.2

Gluooae Uptake

(fiinoles/mln/g. wet weight)

Control
Group

Insulin
Group

Growth Hormone
Group

0*603

0*506

0*591

0*636

0*693

0*711

number 6

0*835

0*870

0*714

0*819

0*591

0*755

0*637

0*726

8

0*669

0*674

0* 686

0*628

mean 0*62 0*74 0*66

S.D.

S.E.M.

0*075

0*031

0*097

0*034

0*025

0*013

Difference

from control 0* 05>p>0* 02 0*4>p>0*3
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perfusion, the volume will have been 50 for 5 min., i|9'5 for

10 min., ij.9 for 15 min., i+8• 5 for 15 min. etc. 1^.6 for

15 min. The mean volume (VT can be estimated thus:-

v = 5 x 50 + 10 x ii9• 5 + 15 (U9 + U8» 5 + U8 + 1+7• 5 + U7 + U.6 • 5 + 1+6)v 120

= Ij.7• 8 ml.

The volume always lies within 5% of this mean estimate and

although this is not an exact value it is proposed to apply

it as if it were in deriving estimates of the amount of

any substance (observed over 2 hours) in perfusate from

concentration data.

Table G.2 presents the results of the glucose uptake

experiments conducted both in the presence and absence of

hormones. All the uptake figures are corrected for heart

weight. Insulin has caused a small rise in glucose uptake

while growth hormone has had no effect.

Discussion of the effect of the hormones on the meta¬

bolism of the heart will be postponed until the end of this

section (see section C.1.2).

C.l.l.ij, Measurement of Heart Glycogen Content

The extent to which glycogen turnover augments or

decreases the pool of glucose available for catabolism was

investigated by determining the glycogen content of hearts

after 10 minutes of preperfusion, and comparing this with

that of hearts perfused for one or two hours. Table C.3

sets forth the results.

The rats in the control and insulin groups were bought

at the same time and reared together (see section B.2.1);



TableG»3-GlycogenContentaafimolesofglucoseequivalentper1g.wetweightofheart. Perfusionontheclosedcircuitsystemwasforthetimeshown.
Addition to medium

GroupA

GroupB

Insulin

Growth Hormone

Perfusion Time(min.)

zero12060 12-0315*0016*72 12*8312-1512-57 14*46'11*7116*95 14*0310-9518*61 13*9019*94 12-50 12-08

zero120 19*4824-25 20-6526*01
22-58 24-10

mean

13*1212-4516*96
20*0724*24

S.D.0*991*772-760-831*40 S.E.M.0*380-881*240*590*70 t-test0*5>P>0*40*02>p>0*010*03>p>0*02
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and thus have been compared to the same zero time glycogen

group. The growth hormone group on the other hand was

investigated almost a year later. The reason that there are

only two zero time estimates in this group, is that there

were no more rats in this rearing batch and, in view of the

difference between the zero time value of this group and of

the control/insulin group, it was considered inadvisable to

use rats from another rearing batch as additional controls

for the growth hormone experiments.

The results in the insulin and control groups agree

with the observations of Williamson (1962), that, after

perfusion in the presence of glucose and lactate, the heart

glycogen content remains constant in the absence of insulin

and increases in its presence.

There appears to have been a significant increase in

glycogen content in the presence of growth hormone, but a

conclusion based on two estimates of a population must be

used with caution.

G.1.1.5 Measurement of Oxygen Uptake in the Heart

In order to have an estimate of the rate of oxidation

of acetyl units in the TCA cycle the oxygen uptake of the

perfused heart has been measured.

Figure C.13 shows a sample plot of the voltage out¬

puts of the oxygen electrodes. The trace marked 'I* is the

signal of the electrode in the input line; and '0* is that

in the output line. The disturbance of the output trace

in the first 12 minutes is the recovery of the electrode
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Recording of an Oxygen Electrode Output

The start of perfusion ( v ) and the output (0) and

f"
%

input (I) traces are shown.
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Table G.k - Oxygen Uptake of the Perfused
Rat Heart.

Control Group Insulin Group

Heart Weight 0*30 0-82 1-0 0' 86 0-73 0-82 0-83 0-90

0-; Tension
difference

(mM)
0-255 0-278 0-336 0-336 0-258 0-314-1 0-1429 0-237

Plow Rate

S.E.M.
(m1/min)
(n=10)

13*0 114*2 12-97 12-1

0-14.3 0-37 0-068 0-28

13*1 11-14 10-6 13*7

0-31 0-10 0-17 0-38

02 Uptake
fimoles/min/g.

[4-214 k'76 k'3k k'70 14-61 14*72 5*1+6 3-60

Mean 0^
Uptake
* S.E.M.

k'5 i 0-114. I4-6 + 0-38
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from exposure to air when the heart is transferred to the

closed circuit system: the air is that displaced from

the heart reservoir (Pig. B.l, section B.2.2.1) as it

fills with effluent perfusate from the heart. A line was

drawn through each trace and the input and output oxygen

tensions at 16 minutes and at 60 minutes were calculated.

The mean difference in 0^ tension obtained from these
figures is shown in Table C.lj. for a group of ij. control hearts

and 4 hearts perfused with medium containing insulin. Prom

the corresponding mean flow rates, measured as described in

section B.2.1.1 the 0^ uptake can be calculated.
The values given in Table CJ.lj. show that insulin does

not affect the oxygen consumption of the perfused rat heart,

in agreement with the finding of Pisher and Williamson (1961).

These authors perfused rat hearts both at 35°G and at 38'5°C.
The mean of their values at these two temperatures was

V? pmoles/min./g-wet tissue; which compares well with the

values shown in Table C.i^.

The oxygen uptake of the growth hormone hearts was

not measured but would be expected to be no different from

that of the control group since the administration of

growth hormone to whole animals or tissue slices has been

shown to decrease the R.Q. without affecting the oxygen

uptake (Greenbaum, 1953* Ketterer et al., 1957).

C.1.1,6 Amino Acid Composition of Perfusate

It has been shown that certain amino acids accumulate

in the perfusate during heart perfusion (Hicks and Kerly,
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Fi f; ♦ C.1^

Record of Ninhydrin-positive Peaks in

Amino-acid .Analyser Effluent.
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Fi,r% 0.13 Time Course of Perfusate Alanine Content

The numerals represent the number of samples used to

obtain the mean value plotted.
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I960; Ottaway, 1969).

A 1 ml, sample of perfusate from a 120 minute

perfusion was applied to an automatic amino acid analyser.

A record of the ninhydrin-positive peaks in the effluent

is shown in Fig. C.li^. The only amino acids present in

any appreciable amount are alanine (2.4 pmoles total in

perfusate), glycine (1*2 pmoles), taurine (2*3 pmoles) and

a peak which might be asparagine, glutamine or serine (2*1

pinoles). The amounts of the other amino acids are very

small; e.g. there are 0*27 pmoles of glutamate.

The alanine contents of some perfusate samples,

taken at various times during 60 minute perfusions in the

presence of glucose and lactate (about 0*7 mH/g-wet weight),
were determined using an automatic amino acid analyser.

Fig. C.15 shows the time course of alanine accumulation in

perfusate.

The efflux rate was linear over the first hour and

equal to approximately 0*03 pmoles/min/g. wet weight.

Because of limited access to an autoanalyser only

two samples of 60 minute perfusates from hormone perfused

hearts have been investigated. The mean perfusate

concentration of alanine in these cases were found to be,

for the insulin hearts 0*029 pmoles/ml and for the growth

hormone hearts 0*030 pmoles/ml. The relative amounts of

the other amino acids were as for the control group (Fig.

G.li;). That the efflux of alanine should be lower than

that in the control hearts seems reasonable because of the

lowered tissue pyruvate pools found in these groups (see
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section G.2.6); the tissue alanine pool size is however

higher in the insulin hearts than in the other two groups

(C.2.6).

C.l.1.7 Conclusions

The experiments so far described, established the

following parameters of the experimental set up, which enable

the isotope flux measurement to be carried out in conditions

which are as nearly steady state as possible.

(a) A perfusate lactate concentration has been found

which remains constant between 30 and 90 minutes.

(b) The perfusate pyruvate concentration rises

linearly during the first 20 minutes or so of perfusion,

reaches a maximum at about 30 minutes and then shows a very

reproducible curvilinear decrease. The time course in the

insulin group is influenced by the zero time pyruvate

concentration (C.1.1.2.2); in the other groups the only

effect of pyruvate addition seems to be earlier saturation

of the removal system. It was decided in the tracer experi¬

ments to add some pyruvate at zero time, not only to the

insulin hearts, but to the hearts in the other groups also,

so that whatever might be the explanation of this pyruvate

time course the experiments in the different groups would

be comparable.

(c) The rates of glucose uptake and oxygen uptake

are linear throughout the experimental period.

(d) The alanine output rate to the perfusate is
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linear, in the case of the controls, over the first 60

minutes of perfusion at least. Whether the output rate

is linear in the hormone cases is unknown, but it will be

shown in the modelling section that the rate is much

smaller than the other rates in the pools system and in the

investigation reported here attention has been concentrated

on the lactate/pyruvate exchange.

No evidence of the state of the tissue lactate,

pyruvate (or nicotamide coenzyme) pools has been presented.

These have been measured in control hearts in a parallel

investigation in this laboratory and have been found, in

identical perfusion conditions to those reported here, to

remain constant from 0 to 90 minutes (Gardiner, unpublished

work).

G.1.2 The Effectiveness of the Hormones

In the previous section (C.l.l) evidence of the

effect of insulin and growth hormone on various metabolic

parameters has been described. This section collates the

evidence that these hormones had an effect on the metabolism

of the heart.

C.1.2.1 Insulin

Insulin has been found to exert its maximum effect

on glucose uptake in perfused rat heart at a concentration

of 2 mU/ml. (Bleehen and Fisher, 195^)* Concentrations of

insulin as high as 100 mU/ml. have been used in rat heart

perfusion by other workers, (e.g. Opie et al., 1963; Randle
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et al., 1961}.) without any discernible ■pharmacological *

effect. It is possible that insulin is denatured at the

glass:liquid and liquid:gas interfaces during the perfusion

and it is known that insulin is adsorbed on to glass surfaces

(Newerly and Berson, 1957). Thus to ensure that sufficient

hormone was present to exert its maximum effect throughout

the perfusion time, the high concentration of 100 mtf/ml. has
been used.

Insulin has been shown to have an effect on:-

(1) the lactate equilibrium concentration

(2) the perfusate pyruvate concentration

(3) the glucose uptake

(!}.) the glycogen content.

(1) The effectiveness of insulin is demonstrated

decisively by the fact that, in its presence, the equilibrium

lactate concentration is treble the value of that in the

control group of hearts (G.1.1.1).

(2) If no pyruvate is added to the medium at aero

time the perfusate pyruvate is observed to reach a maximum

considerably higher than that observed in control hearts

(0.1.1.2).

(3) Insulin has been observed to increase the

glucose uptake in the hearts (C.l.1.3). This increase is

not as great as was expected by comparison with the literature.

Some examples from the literature of the rates of

glucose uptake in the presence and absence of insulin are

given in Table 0.5* along with the values found in this study.

There is a wide variation in the values quoted for the control

group.
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Table C.5 - Literature Values of Glucose Uptake Hate

Rats
Glucose uptake

pmoles/rain/g. wet wt.
♦

Control Insulin

Reference

fed 0-19 0-73 (2) Bleehen & Fisher
(1954)

21+ hr. fasted 0-1 0*79 (2) Williamson (1962)

21+ hr. fasted 0*51+ )
) 1 *2 (100)

0-76 )
Opie et al., (1963)

18 hr. fasted

1+0 hr. fasted

0*5 )

0-87(100)f
Handle et al., (1961+)

21+ hr. fasted 0*62 0« 714.(100) This Study

the brackets, (X), indicate that X milliunits/ml. Insulin

were used.



116 -

A possible reason for this may be the presence, in

the hearts of some endogenous insulin, whose effect persists

for up to 30 minutes in perfused rat heart (Zachariah, 1961;

Fisher, 1962). However, although the experiments of

Handle et al. are conducted completely within the first 30

minutes of perfusion, so too were those of Bleehen and

Fisher, who showed moreover that there was no significant

difference between the uptakes in the 0-30 and 30 - 60

minute periods. The experiments of Opie et al. were con¬

ducted also in the first 3® minutes of perfusion, but were

preceded by a 5-minute washout pre-perfusion; while

Williamson, with no pre-perfusion, conducted hi3 measurements

between 15 ana 75 minutes. Thus the controlling influence

seems to be other than endogenous insulin.

Williamson (1962) has shown that the addition of

5mM lactate to the perfusion medium of hearts from fasted

rats, perfused with 5mM glucose, had no effect on the rate

of glucose uptake. On the other hand, in the presence of

insulin, the addition of lactate reduced the glucose uptake

rate by 20$.
Thus whatever else influences the glucose uptake, it

appears that the presence of lactate may account for the

fact that in this study a large increase in uptake was not

observed when insulin was added to the medium.

(I4.) The glycogen content of the heart increased

significantly in the presence of insulin, while in the

control group it was unaltered after 2 hours of perfusion.

Thus there i3 no doubt that inaulin had a strong

effect on the carbohydrate metabolism of these hearts.
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0.1.2.2 Growth Hormone

The concentration of growth hormone used (4 pg/ml.)
is within the range which Bronk and Fisher (1957) observed

to cause decreased glucose uptake in the perfused rat heart

in the simultaneous presence of insulin. These workers

also showed that 0*1 pg.growth hormone/ml. decreased the

glucose uptake in the absence of insulin, though no figures

were given for a range of hormone values, comparable to

those of the insulin group in which the curve of glucose

uptake vs. hormone concentration showed a minimum. In this

3tudy, no effect of growth hormone has been observed on

glucose uptake.

There does, however, appear to have been a significant

increase in the glycogen content of the hearts in the presence

of growth hormone. This was to be expected, since the

administration of growth hormone to fasted rats has been

found to cause a significant increase in cardiac glycogen

(Adrouny and Russell, 1956J Russell, 1957). However, the

control group for the glycogen experiments consisted of

only two hearts (C.1.1.J+), and this observed increase of

glycogen content, by itself, is not sufficient evidence

that growth hormone was being effective.

The decisive evidence that growth hormone was

affecting the metabolism of the heart comes from the

perfusate pyruvate time course after 30 minutes. In the

control group (Fig. G.6, page 91)* the pyruvate concentration

shows a sharp drop which on average represents a loss from

the pool, between 30 and 90 minutes, of 0*06 pmoles/min.
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Fig, C.16

Equilibration of an Injected Nicotinamide Marker

in Perfusate during Perfusion,

Each point is the mean of six.

13

12 ~©~
O

O
~o

min.
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In contrast with this the growth hormone curve (Fig. C.10

page 95) shows no sharp drop, and the pyruvate concentration

settles out at a much higher level than in the control

hearts. This curve represents an average loss from the

pool, from 30 to 90 minutes, of 0*03 gmoles/min, which is

half that of the control group. Because of the reproduc¬

ibility of these slopes after 30 minutes (further examples

in section C.2.3.3.3) it is quite clear that it was the

growth hormone added to the medium which affected the

metabolism of pyruvate in this way.

0.1.3 Ancillary Investigations

0,1.3.1 Mixing of Injected Tracer

The time taken for the injected tracer to distribute

itself equally throughout the system was investigated by

injecting 0*1 ml. of a nicotinamide solution (about 150 mg./mlj

through the perfusate sampling point. This marker is easily

assayed spectrophotometrically by means of its absorption at

263 nm.and, since it penetrates the cell, is a suitable

marker of lactate distribution.

A 0*3 ml. sample of perfusate was taken from the same

sampling point 15 seconds after injection and thereafter at

15 second intervals for 3 minutes, and at 30 second intervals

for another 7 minutes. Fig. C.16 shows the decrease in

optical density in the perfusate reservoir as more dilute

solution flows in from the heart reservoir and associated

circuit. It is clear that mixing is complete in about
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2 minutes and it has been assumed, therefore, that Its

effect on the radioactivity time courses from 5-30 minutes

is negligible.

C. 1. 3.2. The Effect of Oxaloacetate and of Phosphoenolpyruvate
on the Estimation of Pyruvate

It was feared that, during the acid denaturation of

the heart proteins or during the preparation in acid of

quinoxalone derivatives, oxaloacetate and phosphoenolpyruvate

might degrade to yield pyruvate, and thus interfere with the

estimation of the pyruvate pool size and specific activity.

C.l.3.2.1 Qxaloacetate

In order to test the lability of this substance to

the denaturation procedure, a homogenised heart extract was

divided into two portions, and, to one moiety, 0*2 pmole

oxaloacetate solution was added and the suspension was

stirred with a glass rod. The two moieties were centri-

fuged to remove the protein, the supernatant was neutralised

and the KCIO^ was spun down (section B.2.3.2). The volume
lost in the precipitate was estimated(section B.2.3.2) and

the supernatants were assayed for pyruvate by LDH and NADHj

and for oxaloacetate using malic dehydrogenase and NADH.

There was no difference in the pyruvate contents of the two

moieties and the recovery of oxaloacetate in two experiments

was 97% and 102'%, Thus, there is no oxaloacetate loss

during the preparation of the extract.

Since oxaloacetate is an a-oxo-acid, it will be

capable of forming a quinoxalone derivative. However, it
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may be destroyed during the preparation, because o-phenyl-

enediamine is known to be a very powerful catalyst of the

decomposition of 3-keto acids (Edson, 1935).

When oxaloacetate was submitted to the procedure

described in eection B.12.2 some 2 hydroxy 3-(carboxymethyl)

quinoxaline was recovered, together with considerable

quantities of 2-hydroxy 3-aiethyl quinoxaline. Hence it was

clear that considerable decarboxyation had occurred.

The pool size of oxaloacetate in fasted rats has

been found to be O'Olj. pmoles/g. ww. (Garland and Handle,

I96I4.) which is about 50# of the size of the tissue pyruvate

pool found in this study (C.2.3.I.8).

In order to obviate contamination by oxaloacetate in

the estimation of the specific activity of pyruvate, malate

dehydrogenase and NADH were added routinely (B.2.3.2) to

the extract sample prior to pyruvate estimation.

C.l,3.2.2 Phosphoenolpyruvate (PEP)

The experiment described in section C.l.3*2.1,

page 120, was repeated using 0*2 pinoles of PEP in place of

oxaloacetate. The recovery of PEP, assayed with ADP,

pyruvate kinase and lactate dehydrogenase (Czok and Eckert,

1%3) * was 100# and 99# in two experiments. There was no

difference in the pyruvate contents of the two portions of

the extract.

An experiment was conducted to test whether or not

PEP breaks down to pyruvate during the preparation of the

quinoxalone derivatives. 0*1 pmoles PEP was added to 1 ml.

of neutralised heart extract and the quinoxalones prepared
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as in section B.12.2. The optical density of the reaction

mixture was read against a control prepared as above but

without the addition of PEP.

In two experiments the optical density at 3^3 nrn,

the peak absorption wavelength for quinoxalines, was 0*002

and 0*000; while the theoretical optical density, had all

the PEP gone to methylquinoxalone, is 0* 14.10.

Thus PEP does not interfere in the estimation of

pyruvate using quinoxalone derivatives.

C.l.h Biological Variation

During the period in which the investigations

reported in this Thesis were performed, a little variation

was observed from time to time between hearts from different

rearing batches. For example, the glycogen contents of

the hearts after preperfusion differed between batches

(section C.I.I.I4.) although the glucose uptaKe rate, which

was measured often throughout tne investigations, showed no

significant variation between batches of experiments

conducted months apart (cf. results of section C.l.1.3 and

C.2.3). The lactate equilibrium concentration showed

some variability from time to time between batches of hearts.

This is shown by comparing the lactate concentration in the

control tracer studies, where the equilibrium concentration

was 0*63 mil, (C.2.3»l*2), with that reported for the original

steady state studies (0*72 mM, 0.1.1.1.1). Before starting

a new set of experiments, a couple of pilot experiments

always sufficed to establish the equilibrium concentration
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since it was never far from 0'7'mM. The insulin equili¬

brium level never showed any such variability.

Within a group of hearts very little variation

indicative of distinct differences in metabolism was found,

i^r example, the tracer experiments reported in

section C.2.3, in only 2 hearts (one from each of the

insulin and growth hormone groups) was the perfusate

lactate used up during the perfusion. These hearts were

excluded from consideration with the others in these groups.
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C.2

0.2.1 The Correspondence of Intracellular and Perfusate

Lactate

If lactate diffused through the heart at a rate of

about 500 praoles/min, (A.8) while glucose uptake in rat

heart is less than 1 pmole/min. (section C.l.1.3) then it is

possible that enzymic transformations involving lactate

would be of the order of glucose uptake and therefore very

much slower than diffusion. Therefore, perfusate and

cellular lactate would equilibrate much faster than cellular

lactate participates in reactions, and hence sampling the

perfusate pool of lactate would be equivalent to sampling

the tissue pool. However, the maximum activity observed

for lactic dehydrogenase in rat heart is 450 praoles/min/g„
(Shonk and Boxer, 1964; Scrutton and Utter, 1968) and so

reversible exchange reactions in the cell might be very

much higher than the net metabolic rate.

To test whether or not the external and internal

pools of lactate do equilibrate, |2-1^Cl lactate was injected

into a perfusion medium at 30 minutes, and at 60 minutes the

specific activity of the lactate in the perfusate and in the

tissue extract were compared.

The heart was clamped in liquid nitrogen-cooled tongs

and homogenised in perchloric acid/ethanol (B.2.3.2). After

centrifuging down the protein the supernatant was extracted

four times with 10 ml. of ether. The ether was blown off

and the residue, containing the lactate, was applied to a
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Table C.6

Comparison of the Lactate Specific Activities of Tissue
and Perfusate

Insulin Fraction Effluent
Cut (ml.)

[Laotate]
fimoles/ml.

c/s/ml. Specific
Activity
(o/s/pinole)

mean

None

Tissue
30-^0

40-50

0*0110

0-0342

*6 • 03

19-5

>48

570
559

Perfusate
30-40

40-50

0-0413

0-0656

23-4

35' 7

567

543
550

lGOmU/ral.

Tissue
30-40

40-50

0-0097

0-0372

*11 * 2

36-9

1150

992
1071

Perfusate
30-40

40-50

0-0680

0-146

65*8

149*5

968

1024
996

♦ il
counted for 10^ seconds.
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silioic acid column and eluted with 15$ butanol:chloroform

(B.2.10.1). Lactate ©lutes in fractions 30 to 50 and the

eluate was taken in two cuts, 30 to 40 and 40 to 50. The

chloroform was blown off In an air stream and the butanol

which was left behind was extracted three times with 2 ml of

2$ Na^CO^. One ml. of the hagOO^ solution was added to 5 ral«
dioxane scintillator and counted (section B.2.13); and 0*2 ml.

aliquots were assayed enzyraically for lactate (section B.2.9.1).

A 5 ml. perfusate sample was acidified with HC1,

extracted four times with ether and the extract treated as

outlined above for the tissue ether extract.

This experiment was repeated with a heart perfused

in the presence of 100 raU/ml„ insulin and the results of

these experiments are presented in table G.6.

There is no difference between the specific activity

in perfusate and in the tissue and thus sampling the

perfusion medium lactate is equivalent to sampling heart

lactate.

0.2.2 The Correspondence of Intracellular and Perfusate

Pyruvate

The equilibration of lactate across the cell wall

gave rise to hope that pyruvate might also diffuse rapidly

enough to allow the perfusate and cell pools to be indis¬

tinguishable. Thus similar experiments to those above

(0.2.1) were conducted in which the S.A. of pyruvate in

tissue and perfusate was estimated. The results (Table

0.7, page 127) showed that the S.A. of perfusate pyruvate,
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Table C.7

Specific Activity of Pyruvate in tissue extract and in

perfusate samples at the same time. The values have

been corrected to relate to a zero time lactate specific

activity of lOOOc/s/pinole (see C.2.3.1).

Pyruvate S.A, (c/s/ftmole)

Tla3u"
Perfusate

Extract

126 U72

86 14-75

120 Ij.89

71 14-89

146 531

mean 110 14.91

S.D. 31 2I4.

S.E.M. II4. 11
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30 minutes after introducing the labelled lactate, is

almost 3 times that of extract pyruvate. The reason for

this large difference was elucidated by the modelling

described in chapter D. Here it is only necessary to

remark that the non-homogeneity of the two pools made it

necessary to oorrect the extract pyruvate S.A. for contam¬

inating perfusate pyruvate in order to get the true value.

Thus if X is the amount (pmoles) of perfusate pyruvate in

the extract and Y is the amount of heart pyruvate in the

extract, then:-

the total radioactivity

in the extract = (X + s*A*£xtract
= X x S.A.perfusate + Y x S.A.Heftrt

whence,
(X + Y)S«A.Extract - Xx S.A'perflate

°*A*Heart ~ Y

If the extracts from two hearts are pooled then the average

S.A. of the heart pyruvate of these two hearts is given by:-

3.A.Heart = (xl + Y1 + x2 + r2)s"ft*Extract " X1 * S-A-Perfil K •AHsrf^
_____

The value of Y can be obtained from the total amount of

pyruvate in the extract and the perfusate pyruvate concen¬

tration with the knowledge of the amount of perfusate con¬

taminating the extract yielded by measuring the chloride

content of the extract (section B.2.6).

The true tissue pyruvate S.A. was estimated in all

subsequent experiments.
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0,2,3 Measurement3 Leading to the Determination of the
Rate Parameters

Conditions have been found which enable the isotope

flux experiments to be carried out at as near a steady state

as possible (C.l.1.7)* In addition, it has been shown that

the perfusate lactate behaves as an extension of the heart

lactate pool (C.2.1), and thus this tissue pool can be readily

labelled with tracer with the minimum of disturbance.

The exchange rates have been investigated in the 30

to 60 minute period since this was the period when the

metabolism of the heart was most reproducible (C.l.1.7)•

Also a period of 30 minutes has been shown in preliminary

experiments to be long enough, to label the perfusate pyruvate

pool significantly (C.2.2).

The technique used was to inject the tracer after

30 minutes of perfusion, take perfusate samples during the

next 30 minutes and sample the tissue only at 60 minutes (A.3).

C.2.3.1 The Control Grouo

The hearts were perfused with 50*5 ml. of medium

containing at zero time 0'6 mM/gc ww. lactate and 0*1 mM/g«

ww. pyruvate. An 0*5 ml. sample was taken at 29 minutes;

and at 30 minutes 0*11| ml/g. ww. of [2-C"^'] laotate solution

(5*8 mMj 7*62 x lO^c/s/praole) was injected using a micro¬

meter syringe. This quantity of radiolactate was calcu¬

lated to give an initial lactate specific activity of

about 2000 c/s/praole. Samples of perfusate were withdrawn

at 35 (0*5 ml.), IpO (1*5 ml), 50 (0*5 ml.) and 60 minutes

(3 ml). Chemical reaction in the heart was stopped by
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[Lactate]

Lactate radio¬

activity

[Pyruvate]

[Glucose]

Pyr.S.A.(at
^•0 & 60 min. )

[Chloride]
(at 60 min.)

Perfusion

Perfusate
Samples Heart

V
Deproteinise

Determination
of 'lost•volume

\k
Extract-

- [Alanine]

Alanine S.A.

- [Chloride]

- [Glutamate]

— Glutamate S.A,

•[Lactate]

- a-o-Glutarate
S. a *

- [Pyruvate]

- Pyruvate S • ii «
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clamping in liquid nitrogen-cooled tonga at 60 minutes and

a tissue extract prepared (B.2.3.2).

Pig. C.17 lists the determinations carried out on

the tissue extract and on the perfusate samples.

The process of 'normalising' the specific activity

data from each heart requires some comment;

Consider a substance X which is transformed into another

substance Y at a rate r.

X —► Y

The tissue pool size (V ), and the amount (x) of X transformedX

to Y in unit time, (r), would be expected to be proportional

to tissue mass.

i.e. x,r = f (tissue mass)

Now if X is labelled at zero time with tracer of radio¬

activity &x(o) then

dR* i .

or= ax = at (VaP whara ax = S-A- of x-

If there is a reaction generating X so that dV
~dT = 0

then dax _ r. a„ = - Y.a„ (1)
dt " Vx x x

Thus y, the fractional amount leaving the pool is

independent of tissue mass.

Integrating (1): a = a„(o) o"vt where a_(o) is the zeroX uv. X

time S.A.

•• Vt
whence, = Vx.az(o) e

or R = R_(o) e~Yi;
A A
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i. e
e
-Yt

_

Where there are n compartments of which the rtu compartment
1.U

is initially labelled, the S.A. of the i compartment

a^ = ar(o) [f (y,t) ] (see Sheppard, 1962, chapters 1+ and 5).
Thus, in order to •normalise* any specific activity

or radioactivity value, it is only necessary to express this

as a fraction of the zero time S.A. or radioactivity of the

initially labelled pool.

In the tables which follow, all the S.A. data have

been normalised to an initial lactate specific activity of

1000 c/s/pmole. The values for the lactate radioactivity

per ml, of perfusate are presented as actual values since

they were used as such in deriving y, the slope of the

log(lactate radioactivity) against time, and are the only

direct evidence presented of the actual radioactivities

measured in the tracer experiments. In collating the points

to plot the mean slope from a group of hearts, the radioactivity

values were related to an initial lactate radioactivity per

millilitre of perfusate of 1000 c/s.
In presenting the data in this chapter only the

«

salient features will be briefly discussed; a fuller

discussion and interpretation of the results will be given

in Chapter D.

C.2.3.1»1 The Perfusate Lactate Radioactivity

The perfusate lactate radioactivity data are given

in table C.8. Also shown are the perfusate pyruvate



Table0.5 PerfusateLactateandPyruvateRadioactivities(c/s/ml.) HeartPyruvateLactate No.TimeTiae J£

60

-22

M

60

IO^y*(rain-^)

1

55

18

1066

838

569

2*07

2

49

12

969

789

472

2*42

3

78

31

1127

1021

652

1-88

4

40

19

1102

92k

502

2*68

5

61

78

1066

877

644

1*66

6

60

67

1079

907

648

1*70

7

54

5k

946

774

438

2-26

8

81

61

957

795

646

1*27

nean

2*0

S.E.M.

0*16

ĉLvis[log(lactateradioactivity)];seetext.



Fig. C,15 Control flrour>

Time Course of the Logarithm of the Mean Perfusate

Lactate Radioactivity (corrected to initial value

of 1000 c/s/ml.).

The points A were calculated using interpolated pyruvate

S.A. values (see text). Limits marked are S.E.M.

min
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radioactivities which are required in deriving the lactate

values (B.2.9.2). When the logarithm of the lactat o radio¬

activity is plotted against time, the data (points#) show a
.

linear relationship (Pig. C.18) indicating that the lactate
«,yf

radioactivity (R^) can be described:- R^ = R^f0) e *

slope (-y) of the best line through the points was computed

(by the method of least squares) for each heart, and the

values are given in table C.8 also.

Regarding lactate as a pool of size into which

there is negligible return of radioactivity, the rate (r)

at which material leaves the pool is described by

Rl = RL(o).e~r//VL,t
The lactate pool size is 30*7 + 0*32 pmoles/g. ww. (G.2.3.1.2),

so that an estimate of r would be:-

2*0 x 10~2 x 30'9 = 0*62 pmoles/min.

Discussion of the conditions under which the lactate radio¬

activity time course might appear as a single exponential

and of the reaction to which r might apply is postponed

until Chapter D.

To return to a consideration of the lactate radio¬

activity data table C.8, only three time points have been

used. Measurements of perfusate radioactivity were also

made at 35 and 30 minutes, but perfusate pyruvate £.A. was

not estimated at these times since the labour involved in

these extra pyruvate estimations would have been too great.

A way of obtaining information about the lactate

radioactivity at 35 and 50 minutes is by applying a kind of

perturbation analysis. That is, an estimate of y from the



Fir;. C. 19 Control Group

Time Course of Perfusate Pyruvate S.A. generated

by model system (A»2.2„3)»



TableC.9 ControlGroup-PerfusateLactateandPyruvateRadioactivities(c/s/ml.)derived frominterpolationofthePyruvateS.A.TimeCourse HeartNo.

Pyruvate min.

Lactate min.

J3

30

1

31

31

1107

757

2

1+5

63

81+9

614

3

U-0

37 21+

1069

81+6

1+

29

1070

763

5

1+1

61+

993

764

6

51

80

981+

778

7

1+9

82

831+

594

8

51+

100

833

752

Estimatedusingzero,35,1+°*50ana60minutevalues (cf.TableC.6)

mean S.E.M.
*10^.Y(mini1) 2-18 2*37 1-83 2-62 1-68 1-67 2-25 1*16 2*0 0-17

Interpolatedfpyr.jvalueused
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30, 1+0 and 60 minute lactate data, is used in a model

(section D.2.1+) simulating the lactate/pyruvate exchange.

Prom the model an approximate time course of the pyruvate

S.A. is obtained. This is then used to yield estimates of

the pyruvate S.A. at 35 and 30 minutes as a fraction of the

initial lactate S.A. Prom these and from the actual zero

time, lactate S.A.'s arid the true perfusate pyruvate concen¬

trations, the perfusate pyruvate radioactivities at these

times can be found for each heart.

The time course of the pyruvate S.A. from the model

(D.2.1+) is shown in Fig. C.19 from which the S.A. at 35, 50

minutes is 135> 390 c/s/umole when the initial lactate S.A.

is 1000 c/s/pmole.

3stimates of the perfusate lactate and pyruvate radio¬

activity at 35 and 50 minutes are given in Table C.9. The

mean values (A) at these times lie on the same straight line

in the serailogarithmic plot of lactate radioactivity as the

30, 1+0 and 60 minute values (Pig. C.18, page 13I4-) • The

calculated slope, v, of the best straight line through all

the points is identical with the original estimate (Table C.8).

Thus the perfusate radioactivity data at 35 and 50 minutes

were entirely consistent with the data at the other times.

C.2.3.1.2 The Perfusate Lactate Concentration

The perfusate lactate concentration for each of the

heart3 i3 given in Table C.10 arid the time course of the

means shown on Pig. C.20.

The estimate of the 30 minute lactate value was very

important since this was used to calculate the 30 minute
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Fi~. C.20 Control Group

Time Course of Perfusate Lactate Concentration

Kean of 8 points - S.E.M.

Q

0.7

. 0.6
•s

to
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Table G.10

Heart
No.

1

2

3

4

5

6

7

8

mean

S.E.H.

Control Group

Perfusate Lactate Concentration (mM/g. wwj

Time (mln,)
*30 33 4° 50 60

0-957 0-916 0-945 0-945 0-850

0-14.99 0-508 0-508 0-508 0-533

0-564 0-583 0-583 0-652 0-652

0-568 0-524 0-560 0-440 0-433

0-630 0-637 0-637 0-694 0-669

0-522 0-538 0-601 0-627 0-696

0-574 0-619 0-674 0-662 0-835

0-593 0-652 0-617 0-660 0-766

0-61 0*62 0-64 0-65 0-64

0-051 0-046 0-047 0-052 0-043

jjt
values obtained by least squares regression of the
35-60 minute values.
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lactate S.A., in proportion to which all other S.A. data

were corrected. The lactate concentration has been shown

not to change sigpificantly between 30 60 minutes

(0,1.1.1) and so the best estimate of the 30 minute value

would be of the mean of the values at the other times.

However, the values sometimes showed an upward or downward

trend over the 30 minutes (Table C.10) and I decided that I

ought to acknowledge the possibility that trends might exist

in the lactate pool which were not of long enough duration in

any direction to be detectable in the two hour experiments.

Thus I have used the 30 minute intercept of the best straight

line (least squares) through the 35» I4.O, 50 and 60 minute

points as the best estimate of the lactate concentration at

30 minutes. The 30 minute values were computed and used

in conjunction with the total radioactivity introduced by

micrometer syringe to provide the initial lactate specific

activity.

Prom Pig. C.20 it will be seen that the mean lactate

concentration values show a rise over the 30 minute period

although this is not significant; and in view of the known

behaviour of the lactate over a longer period (C.l.l) the

concentration will be considered constant.

The mean concentration over the period is 0*614.0 jf

0*006 pmoles/ml. The average volume of the perfusate is

148*142 ml, and so the mean perfusate lactate pool size will

be taken to be 30*9 + 0*27 4imoles/g«ww.
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Fir?. C .21 Control Grout)

Tine Course of Perfusate Pyruvate Concentration

mm.
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Table G.ll

Control Group

Perfusate Pyruvate Concentration (mM/p;. wwj

Heart Time (min.)
No. 29 22 M, 29. 60

1 0'342 0-198 0-169 0-0684 0-0282

2 0-233 0-155 0-133 0-0753 0-0194

3 0*230 0-177 0-145 0-0569 0-0334

4 0-131 0-109 0-099 - 0-0203

5 0-227 0-177 0-139 0-0940 0-0850

6 0-213 0-176 0-130 0-0960 0-0640

7 0-262 0-197 0-165 0-1130 0-1040

8 0-154 0-237 0-200 0-1520 0-1030

mean 0-227 0-178 0-148 0-094 0-057

S.E.M. 0-022 0-013 0-011 0-012 0-013
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G♦2,3.1.3 The Perfusate Pyruvate Concentration

The perfusate pyruvate concentration values for the

eight hearts are given in Table C.ll and the mean at each

time point and its standard error are shown ir Fig. C.21.

In Fig. C.21, a curve has been drawn through the

points in accordance with the observations made previously

on the perfusate pyruvate concentration time course (C.1.2),

although each point lies within one standard error of a

straight line through the points.

The dashed line shown on Fig. G.21 is the best

straight line through the points and has a gradient of
—p

-(5*4 + 0*4.5) x 10 pmoles/mL/min. Using the average

perfusate volume value of 48'42 ml. in conjunction with this

gradient provides an estimate of 0*26 +_ 0*022 (^moles/min. for
the average net rate of pyruvate uptake which can be used

to provide an approximate value for change of pool size in

the modelling section.

C.2. 3»1»4 The Perfusate Glucose Concentration

The glucose uptake rate for each heart was measured.

Since the mean rate (_+ S.E.M.) was found to be 0*62 + 0*19

pmoles/min/g.ww. which is identical with that found in the

preliminary experiments (C.l.1.3), the individual valuss

found in these experiments have not been presented.

C.2.3.1.5 The Pyruvate Specific Activity

The perfusate pyruvate specific activities were

measured by preparing quinoxalone derivatives (B.2.12,2)

from 1*0 ml. of perfusate sampled at 40 minutes and from



TableC.12 ControlGroup-SpecificActivities(c/s/firaole)correctedtozero-time LactateSpecificActivityof1000c/s/pmole
Heart

Perfusate
Pyruvate

Heart

a-oxo-

Alanine

Glutaraate

Lactate

Ho.

40min.

60rain.
Pyruvate 60rain.

Glutarate 60rain.

60rain.

60rain.

60rain.

1 2

276 191

332 326

1135

j 438

—

—

574 474

3
4

267

468 416

}93

j 385

**

502 500

5

260

542

-

586

205

289

537

6

222

509

61

254

248

228

474

7

198

376

113

474

144

200

450

8

252

369

172

536

249

215

437

mean

240

440

120

450

210

230

490

3.E.M.

13

29

19

48

25

20

16
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2*0 ml-of perfusate at 60 minutes. The yield of quinoxalone

was about 1+0% of theoretical and the counting vials con¬

tained 20-90 c/s above background (counted for 10^ sec).

The S.A. values, corrected to an initial lactate S.A.

of 1000 c/s/gmoles, are given in Table G.12.

The volume of the tissue extract in this control

group of hearts was 5'1 + 0*21+ ml, of which 1*08 ± 0*056 ml.

were estimated to have been left behind with the protein and

KCIO^ precipitates and 0*68 + 0*01+1 ml. was perfusion fluid.
1*0 ml. of this extract was retained for estimation of

alanine and of the concentration of lactate, pyruvate and

chloride. The remainder was used to prepare the quinoxal-

ones of pyruvate and a-oxo-glutarate.

The extracts from hearts 1 and 2,and 3 and 1+ were

pooled since it was suspected that there might not be a

great enough yield of quinoxalone from a single heart to be

easily measurable. In the event, the yield from a single

heart gave optical densities at 31+3 nm. > 0-13 and the

radioactivity in the vials ranged from 5-20 c/s above back¬

ground (counted for 10^" seconds) so that the S.A. from a

single extract could easily be measured.

Table G.12 gives the final time lactate S.A. values;

when these are compared with the final time pyruvate S.A.

values, it is clear that while the perfusate pyruvate pool

has become almost as highly labelled as the lactate pool,

the S.A. of the tissue pyruvate pool is considerably more

lightly labelled. Some possible explanations of this

behaviour will be discussed in the modelling section

(Chapter D).
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Fig. C*Z.2

CH_.CO.3CoA

CO.COOH

CH2C00H

CHoC00H
I 2

CH
2

O.COOH

\/

y

CH2C00H
cm

CO.COOH

y
if

CO.COOH

I ^
CH2C00H

CH_.CO.SCoA

where 8,if represent the S.A. of the carbon.
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C.2.3.1.6 The a-oxo-Qlutarate S.A.

No a-oxo-glutarate was ever detected in the perfusate

samples from the control group and therefore the S.A. of the

extract a-oxo-glutarate is the true S.A. of the intracellular

oxo-glutarate, within the limits of experimental error. The

S.A. values are presented in Table C.12. Since lactate was

initially 2-^C labelled, the a-oxo-glutarate S.A. would be

expected to nave a S.A. which was the same (assuming no

acetyl from fat) as precursor pyruvate on the first turn

of the TCA cycle and 1*5 x pyruvate S.A. on succeeding cycles

(Pig. G.22), provided the cycle rate is fast compared with

the decay of the S.A. of the precursor (which the modelling

studies reported in Chapter D indicate is a justified sim¬

plification). If appreciable fatty acid oxidation takes

place, then the a-oxo-glutarate would be expected to be lower

than this: and transamination from glutamate, provided it

were at a rate comparable to the cycle rate would lower it

even further. In fact, the a-oxo-glutarate S.A. has about

the same value as the perfusate pyruvate S.A. but is 3*7

times the tissue pyruvate S.A. which confirms the impression

that the tissue pyruvate S.A. is lower than would have been

expected if it were a homogeneous pool. Any model of the

system will be required to account for this relatively high

a-oxo-glutarate S.A,

C.2.3«1»7 The Specific Activities of the Amino Aoids

The S.A. values of alanine and glutamate in the

extract are given on Table C.12. The glutamine pool was

also measured and was found not to have any significant radio-
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Table C.13

Control Group

Tissue Pool Sizes (umoles/pu wwj

Heart
ho.

Heart
Velftht

(g<)

Pyruvate Lactate Alanine Glucamate

1 o* 88 0- 031+1 - - -

2 o«8o 0-0955 - - -

3 0-93 0-0726 - - -

4 0-91 0-1536 - - -

5 0-88 0•0546 0-465 0-445 2-22

6 0-89 0-0736 0-674 0-319 2-82

7 0-78 0-0923 0-770 0-727 2-03

8 0-79 0-1670 0-623 0-205 3-16

mean 0-093 0-63 0-42 2-8

S.E.M. 0-016 0-064 0*11 0-42



- 150 -

activity. A discussion of the relationship of these

pools to the others measured in this study will be post¬

poned until the modelling chapter which follows.

G,2.3.1.8 Tissue Pool Size of Lactate, Pyruvate,

Alanine and Glutamate

These pool sizes measured in this group of hearts

are shown in Table C.13. The contribution of perfusate to

the amino acid pool was ignored since the amount of the

amino acids from the perfusate present in the extract were

negligible, being about 0*02 pmole3 for alanine and 0*003

fimoles for glutamate (C.1.1.6).

The lactate pool size is remarkable since, if it

diffuses freely, as suggested by the S.A. results, (0.2.1),

its concentration inside and outside the cell might be

expected to obey Donnan Equilibrium conditions, provided

the intracellular pH is not such that much of the intra¬

cellular lactate is unionised. Thus like chloride, the

intracellular concentration would be about 2of the per¬

fusate concentration. On the contrary, the pool size in

1 g. of heart (0*5 ml. cell water, B.2.6.) equals the amount

in a millilitre of perfusate. Along with the fact that the

equilibrium concentration of lactate depends on the heart

weight (C.1,1.1.1) this suggests (assuming an intracellular

pH of about 7) that lactate is not passively distributed, but

transported across the cell wall.

The tissue pyruvate pool is known to stay constant

throughout the perfusion period (Gardiner, unpublished),

lince this is so the ratio of perfusate pyruvate to heart



TableC.14 InsullnGroup-PerfusateLactateRadioactivity(eounts/sec/ral.perfusate) HeartTimeallpoints30*40*60*points No.

t

io

M

£°*

60

102xv

1

3877

3287

3437

3324

2873

0*77

2

I4I4.O6

3723

3878

3368

3131

0*94

3

3930

3477

3639

3500

3229

0*51

4

3921

3798

3707

3482

3053

0*80

5

38I4.O

3370

3413

3367

3132

0*51

6

38i|.0

3377

3144

3093

2868

0*84

7

381+0

36OO

3400

3030

2709

1-16

8

3840

3^60

3130

2600

2142

1*93

9

3814-0

3420

3100

2330

2096

2*01

mean

1-1

S.E.M.

0*19

*

Interpolatedpyruvateradioactivityvalues wereusedinderivingthesevalues.

10xv 0-98 I'll 0-65 0-85 0*614. 0*90 1*16 1*914- 2*01 1*1

i

0*17Vr
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Table C.15

Insulin Group

Perfusate Pyruvate Radioactivity (c/s/ral
perfusate)

Heart Time (rain)
No.

M
*

££ 60

1 72 96 135 102

2 99 93 90 77

3 75 7k 115 65

k 127 138 18I4. 72

3 83 167 167 143

6 100 126 117 87

7 9k 235 161 112

6 95 231 205 195

9 138 309 300 121

*
Values obtained by interpolation from the
perfusate pyruvate specific activity time
courses.
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pyruvate varied 2*I4.: 1 to 0*6:1 over the 30 minutes of the

tracer experiment which is certainly not consistent with

passive diffusion.

C.2.3»2 The Insulin Group

The experimental procedure was the same as that

employed with the control group of hearts except that the

initial lactate concentration was 2*12 mM/g. ww. (see section

G.1.1.1.2) and the initial pyruvate,concentration was

0*2 mM/g. ww. The perfusate used for both the preperfusion

and the closed circuit experiment contained 100 mU/ml. of

insulin (C.l.2.1).

In hearts l~k» 0*5 ml/g. ww. of radioactive lactate

(5*78 mMj 7*82 x 10^" c/s/pmole) was injected using a micro¬

meter syringe: in the succeeding hearts 1*0 ml. of radio-

lactate (1*8 mM; 1*061 x 10^ c/s/pmole) was injected using

a 1*0 ml gas tight syringe (uamilton and Co., U.S.A.). These

quantities are calculated to give an initial lactate S.A.

of about 2000 c/s/pmole.

G.2.3.2.1 The Perfusate Lactate Radioactivity

The values from nine hearts perfused in the presence

of insulin are given in Table C.II4.. The pyruvate radio¬

activity values used in deriving these values are given in

Table C.15. The pyruvate radioactivity values at 35 and

30 minutes are based on interpolated S.A. values at.these

times (see G.2.3.1.1; D.2.I4.).

The slopes of the log(radioactivity) against time

plots in the presence and absence of these extra points are
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Fig, C.2g Insulin Group

Logarithm of the mean Perfusate Lactate Radioactivity

(connected to an initial value of 1000 c/s/ml.)

plotted against time. The points ^ were

calculated using interpolated pyruvate radioactivity

values.

min.
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Fig. C.2b Insulin Group

Time Course of Perfusate Lactate Concentration



- 156 -

Table C.16

Inaulln Group

Perfusate Lactate Concentration (mM/g. ww.)

Heart Time (mln.)
No.

£0 60

1 2-19 2-17 2*10 2-10 1*98

2 2-12 2*05 2-06 1*93 1*83

3 1-93 1*89 1*97 2*01 1*87

k 2-12 2*09 2*21 2*17 2*18

5 2*15 2*11 2*15 2-10 2*05

6 2*19 2*28 ooC\J 1*97 2*02

7 2*12 2*10 2-14 1*89 2*04

8 2-15 2-10 2*17 1*92 2*01

9 2*12 2* 14 2*14 2-18 2*12

mean 2-12 2*11 2-10 2* 03 2*01

S.E.M. 0*026 0*034 0*027 0*037 0*03'

Values obtained by least squares regression of
35-60 minutes values.
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Fi r. C«-2.5 Insulin Group

Time Course of Perfusate Pyruvate Concentration

min.



TableC.17

InsulinGroup
PerfusatePyruvateConcentration(mM/g.ww.)

HeartNo.Time(mill.) 29

M

50

60

1

0*207

0-151

0*137

c-107

0-072

2

0-2014.

0-176

0-129

0-061

0-014.7

3

0-135

0-137

0-107

0-079

0-038

4

0-252

0-255

0-238

0-139

0-054

5

0-222

0-172

0-169

0-131

0-084

6

0-216

0-212

0-152

0-093

0-052

7

0-182

0-192

0-165

0-1214

0-068

8

0-210

0-197

0-184

0-161

0-131

9

0*344

0-283

0-255

0-231

0-128

mean

0-221

0-197

0-170

0-125

0-076

S.S.M.

0-017

0-016

0-016

0-017

0*011



- 159 -

not significantly different (Table C.llj.)* see Pig. C.23 (page 154).

The rate at which material leaves the lactate pool

is estimate by y x pool size (g.2.3.1.1):

1*1 x 10x 100 = 1*1 (amole/min.

This rate is 80$ faster than in the absence of insulin

(c.f. C.2.3.1.1).

C.2.3.2,2 The Perfusate Lactate Concentration

These values are given in Table C.16. The 30 minute

values were estimated by extrapolation from a least squares

fit of a straight line to the 35-60 minute values as with

the control group (C.2.3.1.2).

The mean values are plotted as a function of time

in Pig. C.2i4,.

The concentration shows only a 5$ fall during the

period of the experiment and so the pool size will be

assumed constant. The average volume of the perfusate is

ml. and thus the perfusate pool size will be taicen

as: -

i+8-JL|.2 x 2-06 + 0*023 = 100 + 1-2 pmoles.

C.2.3,2,3 The Perfusate Pyruvate Concentration

The results of tnis assay on the perfusate samples

are presented in Table G.17 and a plot of the mean values

at each time with their standard errors (Pig. C.25) shows,

in contrast to the control group, how well all the points

from the insulin group fit a straight line in the 30 to 60

minute period. The gradient of the best straight line



TableC»18InsulinGroup-SpecificActivities(c/s/umole)correctedtozero-time lactatespecificactivityof1CQ0c/s/Vmole.
Heart

Perfusate
Pyruvate
Heart

a-oxo-

Alanine

Glutamate
Lactate

140.

ii.0min.

60min.

Pyruvate 60min.

Glutarate 60min.
60min.

60min.

60min.

1

393

801

' 57

307

266

360

812

2

31+3

794

156

319

323

347

773

3

343

838

171

349

419

445

827

4

315

713

5

430

275

285

759

3

551

948

49

356

575

345

831

6

470

954

-105

-

370

362

760

7

687

794

135

-

-

-

631

8

-

834

-42

395

-

-

575

9

671

519

471

-

-

-

537

mean47080010236O371360720 3.E.M.53U33619472137
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through the mean points is (4*73 +, 0*088 x 10~^ praoles/ml./jiin.
With an average perfusate volume of 48**^2 raL this represents

a pyruvate uptake rate of 0*229 i 0*0043 gmoles/min.

G.2.3»2«4 The Perfusate Glucose Concentration

The mean rate of glucose uptake in these hearts was

estimated to be 0*76 + 0*12 pmoles/min. which is not signifi¬

cantly different from the values found in the preliminary

investigations (section C.l.1.3)*

G.2.3.2.3 The Pyruvate Specific Activity

The specific activities of pyruvate in the hearts

and in the perfusate corrected to an initial lactate S.A.

of 1000 c/s/pmole are given in Table C.18.

The mean perfusate S.A. at 40 min.was considerably

higher than that for the control group at the same time

(240 c/s/pmole; C.2.3.I.5).

The 60 minute perfusate pyruvate S.A. value is

greater than the final time lactate S.A. (Table C.18) and

is, as with the control, very much greater than the tissue

pyruvate S.A.

Two of the values derived for the tissue pyruvate

S.A. have been assigned negative values. The calculation

of this parameter (C.^.2) involves dividing the small

difference between two large numbers by a small number and

experimental errors can easily lead to a negative result.

For example the values for heart 8 are:-
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Table C.19

Heart
No.

Heart
Weight
~~T&)

Inaulin Group

Tissue Pool Sizes (amolea/g.)

Pyruvate Lactate Alanine Glutanaate

1 0-88 0-0445 - 1-27 3*78

2 1-10 0-0487 3-05 0-584 3.39

3 1-19 0-0403 - 0-804 5*03

k 0* 89 o* 0464 1-60 0-359 2-36

5 1-07 0-0738 1-86 0-608 3-32

6 0*90 0•0554 1*53 0*441 3*50

7 1-08 0-0481 1-30 - -

8 0-97 0-0433 1*39 - -

9 0-99 0-0408 0-97 - -

mean 0-049 1-67 0-68 3*6

S. E.M. 0-0034 0-25 0-13 0-35
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q A 0-1191 X 965 - 0-0771 X 1532
"

Heart O-Oi+2

« lltr8 - 118-0
o- 01^2

' "0^2
= -Ik

C,2.3.2.6 The Specific Activity of a-oxo-glutarabe

The a-oxo-glutarate S.A.*s are given in Table 0.18

also. As in the case of the control group the a-oxo-glutarate

S.A. is considerably higher than the tissue pyruvate S.A.:

but in contrast to the control group, where the perfusate

pyruvate S.A. and the a-oxo-glutarate S.A. are approximately

equal, the perfusate pyruvate value in the presence of

insulin is much greater than the a-oxo-glutarate S.A.

C.2.3.2.7 The Amino Acid Specific Activities

The S.A. values of alanine and glutamate are given

in Table 0.18. As with the control group, no counts were

found in glutamine.

While in the control group the specific activity of

glutamate was half that of a-oxo-glutarate (Table C.12;

0.2.3.1.7)» in the presence of insulin, these pools appear

to have equilibrated.

0.2.3.2.8 The Size of the Tissue Pool of Lactate,

Pyruvate, Alanine and Glutamate

These date are presented in Table 0.19. As with the

control the tissue pool size of lactate is greater than it

would be if it were evenly distributed in intracellular water
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and the intracellular concentration equalled the perfusate

concentration. The pool size, however, is not equal to

the amount present in 1 ml. of perfusate as was the case in

the control group; it would be equivalent to 0*82 ml. of

perfusate.

While the lactate pool size has increased, compared

to the control, the pyruvate pool size has decreased almost

by half.

Both amino acid pools show an increase over the

corresponding values in the control group.

G.2,3.3 The Growth Hormone Group

The experimental procedure was the same as that

employed with the control group of hearts.

200 pg.of bovine pituitary growth hormone were

weighed out, dissolved in a drop of N/100 NaOH and added

to the i+8'5 ml. of perfusate in the closed circuit perfusion

apparatus. Not enough growth hormone (G.H.) was available

for it to be added to the preperfusion fluid.

A micrometer syringe was used to inject 0*38 ml/g. ww.
of radiolactate (1*81 raM; 1*061 x 10^ c/s/pmole) at

30 minutes. The initial lactate S.A. was thus about

2000 c/s/pmole.
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Pig, C . 26 Growth Hormone Group

Logarithm of the mean Perfusate Lactate Radioactivity
(corrected to initial value of 1000c/s/ml.) plotted

against time. The points A were calculated using

interpolated pyruvate radioactivity values.

mirt.



TableC.20 Growth

Hormone
Group-Perfusate
LactateRadioactivity
(c/s/ml.perfusate)

Heart

«

Time

(min)

,

AllPoints30*
40*&601

No.

JJ

M

JO

60

102XY

102XV

1

1574

1690

1331

890

504

4*04

3*95

2

1501

1302

1194

1050

809

1-93

2-04

3

1605

1392

1271

1144

901

1-78

1'90

4

1307

1320

1229

759

524

3*32

3*22

5

1210

966

1027

822

714

1-62

1*77

6

1356

1206

1069

953

816

1-63

1*64

7

1283

1058

10U2

834

606

2-34

2-53

mean

2*4

2-4

S.E.M.

0-36

o*32

points

Interpolatedpyruvateradioactivity valuesusedinderivingthesevalues.

cr

o
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Table C.21 Growth Hormone Group

Perfusate Pyruvate Radioactivity (c/s/mL)

Heart Time (min.)
No«

* *'

k® 5° Q

1 31 99 75 74

2 72 .116 81 100

3 55 89 77 82

k 68 91 71 79

3 37 103 93 112

6 ko 123 106 84

7 69 99 91 62

Values obtained by interpolation from the perfusate

pyruvate specific activity time-courses.
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Table C.22

Growth Hormone Group

Perfusate Lactate Jonoentration (m.i/g, ww.)

Heart Time (mln)
No. *3° 31 M £0 60

1 0*1+82 0*533 0*359 0*461 o*4oi

2 0*718 0*723 0*716 0*735 0*729

3 0*697 0*688 0*665 0*618 0*612

4 0*740 0*679 0*679 0*614 0*493

5 0*798 0*806 0*798 0*829 0*822

6 0*810 0*771 0*882 0*813 0*833

7 0*721 0*684 0*669 0*691 0*559

mean 0*71 0*70 0*68 0*68 0*64

S.E.M. 0*041 0*033 0*061 0* 049 0*062

&
Values obtained by least squares regression of
35 - 60 minute values.
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G.2.3.3.1 The Perfusate Lactate Radioactivity

The values for the perfusate radioactivity concen¬

tration in the G.H. group are given in Table C.20. As with

the previous sets of results, interpolated perfusate

pyruvate S.A. data at 35 and 50 minutes have been included

(Table C.21) to test whether they appreciably affect the

gradient of the semilog, plot. The gradient calculated

including these points is the same as that obtained using

the 30, 1+0, and 60 minute data alone (Table C.20). A plot

of the mean value of the points, where the data from each

heart was corrected to an initial value of 1000 c/s/mL, is
shown in Pig. C.26.

The perfusate lactate pool size was 32*6 0*63 praoles

(0.2.3.3.2) and an estimate of the rate at which material

left the lactate pool is given by:-

2-1+ x 10~2 x 32*6
= 0*76 umoles/min.

which is not significantly different from the value found

for the control group.

C.2.3.3.2 The Perfusate Lactate Concentration

Table C.22 sets forth the perfusate lactate

concentration data and the mean values and their standard

errors are plotted against time in Pig. C.27.

The mean values show a fall over the 30 minute

period: but this is not significant and in view of the

earlier results (C.1.1.1.3) showing that the lactate

concentration remains constant over 90 minutes of perfusion,



- 171 -

Firr. C.28 Growth Hormone Grouo
■■ ■ ■ .1 ,M ■ 1.

Time Course of Perfusate Pyruvate Concentration

min.
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Table C.23

Growth Hormone Group

Perfusate Pyruvate Concentration (mM/%. ww,)

Heart Time (min.)
No.

29 21 M 52 60

1 0•0576 0-0395 0-0605 0-0395 0-0335

2 0-121 0-11+5 0-100 0-0666 0-0576

3 0-106 0-100 0-0818 0-0576 0-01+81+

1+ 0-197 0-161 0-11+2 0-0697 0-0605

5 0-11+3 0-103 0-136 0-106 0-103

6 o • 081+7 0-100 0-117 0-109 0-0811

7 0-169 0-163 0-11+5 0-0879 0•0516

mean 0-13 0-12 0-11 0-077 0-062

S.E.M. 0-018 0-017 0-012 0-0097 0-0087
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the concentration was taken to be constant at the mean

concentration value of 0*67 +, 0*013 pmoles/ml.
The average volume of the perfusate was 1^6*42 mlrand

thus the mean perfusate lactate pool size was 3^*6 0*63 praolea.

C.2.3.3»3 The Perfusate Pyruvate Concentration

The perfusate pyruvate concentration values are given

in Table C.23 and the time course of the means _+ S.E.M. are

plotted in Pig. 0.26.

The gradient of the best line through the mean points

is (2*2 + 0*23) x 10"3 pao1es/ml./min, which with an average

volume of ipS*i|2 ml. represents a net pyruvate uptake from

the peri'usate of 0*105 ± 0*011 pmoles/min. This uptake is

significantly (p < 0*001) lower than that observed in the

control group (C.2.3.I.3) and agrees with the results

observed in the two hour perfusion experiments (G.1.1.2.3).

G .2. 3.3.1j. The Perfusate Glucose Concentration

In the control and insulin tracer experiments

described above, the glucose uptake was measured and

shown to be practically identical to that observed in

the preliminary 2 hour experiments. As a result of this

experience, the glucose uptake was not determined in the

tracer experiments in which G.H. was added to the

perfusate, and the rate of uptake observed In the

preliminary G.H. experiments (C.l.1.3) has been assumed

to apply to these experiments also.



TableC.24GrowthHormonegroup-SpecificActivities(c/s/jjaole)correctedto zerotimelactatespecificactivityof1000c/s/pmole
Heart

Perfusate
Pyruvate

Heart

Hearta-o

Alanine

Glutamate

Lactate

Ho.

I4.6min.

60min.

Pyruvate 60min.

Olutarate60min.

60min.

60min.

60min.

1

51+4

738

4

-

170

207

407

2

503

756

32

-

377

263

494

3

367

572

-5

Ill

308

244

308

4

317

61+4

-44

58

141

219

563

5

371

531

70

136

387

213

539

6

526

522

135

68

278

168

562

7

348

534

46

-

184

238

485

mean

430

610

34

90

260

220

500

S.E.M.

36

38

22

18

38

12

21
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C.2.3.3.5 The Pyruvate Specific Activity

The pyruvate specific activities, corrected to an

initial lactate S.A. of 1000 c/s/pmole are shown in Table

C.2k.

The 40 minute S.A. is much higher than the corres¬

ponding value found in the control hearts (2I4.O + 13 c/s/pmol«j

C.2.3.1«5) but not different from that found in the insulin

group (I4.70 + 53 c/s/pmole; C.2.3.2.5).

The 60 minute pyruvate S.A. is more than 20% higher

than the 60 minute lactate S.A. (0*05 > P > 0*02). While

in a precursor-product relationship it is possible for the

product to have a higher S.A. than the initially labelled

precursor (Zilversmit et al», 19ij.3)> it will be shown in the

modelling section (Chapter D) that the 60 minute pyruvate

S. A. is too high to have a simple relationship of this kind

with lactate. The possibility that the 'extra' counts might

be introduced through recycling of TCA cycle intermediates

via the pyruvate pool, thus introducing label in more than

one C-atom was investigated and the results are described

below (C.2.1|).

The heart pyruvate pool shows a very low S.A. and

reinforces still further the impression that the internal

pyruvate S.A. is too low to have come from a homogeneous

pool.

C.2,3.3.6 The Specific Activity of a-oxo-glutarate

Only four values are given in Table 0.2^. Ko

quinoxalone derivative of i-oxo-glutarate was detected in
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Table C.25

Heart Heart
No,

1

2

3

k

5

6

7

1-08

1-03

1-10

0*9

0*83

0*93

0*88

Growth Hormone Group

Tissue Pool Sizes (umoles/p;.)

Pyruvate Lactate Alanine Glutamate

0*0481

0*0207

0*0264

0*0334

0*0336

0*0353

0*0409

0*369

0*980

0*560

0*807

1*014

0*323

0*392

0*194

0*540

0*242

0*163

0*584

0*784

0*560

1*68

3*74

1*96

1*26

3*26

3-14-8

2*89

mean 0*034 0*64 0*44 2*6

S.E.M. 0*0034 0*11 0*090 0*37
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the other heart extracts.

In four experiments carboxyethyl quinoxalone spots

were observed on chromatograms of the perfusate and the

S.A. *s of those derivatives (67* 6i+» 54 and 154 c/s/pmole:

mean 80 + 23 c/s/|imole) were not different from the tissue

values.

In contrast to the results obtained in the other two

sets of experiments, the S.A. of a-oxo-glutarate from hearts

perfused with medium containing G.H. was much lower than

the S.A. of glutamate of which it is a precursor. This

fact suggests that in the presence of G.H. the cardiac cell

has a pool of unlabelled a-oxo-glutarate which does not

participate in transamination reactions.

0.2. 3.3.7 The Specific Activities of the Amino Aoida

The specific activities of glutamate and alanine

in the G.H. group of hearts are given in Table C.24. Their

specific activities were much greater than the specific

activities of the tissue a-oxo-acids from which they were

labelled. Again no radioactivity was found in glutamine.

C.2.3.3.8 The Size of the Tissue Pool of Lactate,

Pyruvate, Alanine and Glutamate

The sizes of the lactate, alanine and glutamate pools

(Table C.25) agree very well with those found in the control

group of hearts (G.2.3.1.8). The amount of pyruvate, on the

other hand, was even smaller than in the insulin group of

hearts, and therefore very much smaller than in the control

hearts.
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The ratio of the lactate pool sizetpyruvate pool

size is about 19:1 In the G.H. hearts, while It is 35:1 in

the presence of insulin, and only 7:1 in the control group.

This implies that the cytoplasmic NAD^ADH ratio in the

presence of G.H. is lower than in control hearts, but not as

low as in the presence of insulin. This would agree with

the proposal (see Chapter A) that insulin increases the

contribution of glucose to energy production and herce yields

an increase of cytoplasmic reducing power from the glycolytic

pathway. This would depend on how freely the NADH was re-

oxidised. If the insulin inhibits fat oxidation, the NADH

might be more easily oxidised and the NAD/NADH ratio might

actually tend to increase. The NAD/ttADH ratio compared to

control changes by 5x on this hypothesis, while the glucose

uptake rate changes only by 20% (0.1.1.3).

G.H., on the other hand, is thought to favour the

contribution of acetyl from fatty acid (Chapter A) and

hence might raise the cytoplasmic level of unreoxidised NADH.

C.2.1; Labelling of the Perfusate Pyruvate from Zero Time

Hodelling studies of the tracer results presented

in section C.2.3 show that the precursor of perfusate

pyruvate might be lactate or an intracellular pyruvate pool

(D.2.2.3).

lactate was added at zero time to the perfusate

which contained 0*7 mM lactate but no pyruvate. The initial

lactate was calculated to be 2000 c/s/praole. Since pyruvate
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was known to appear In the perfusate under these circum¬

stances (0.1.1.2), samples of perfusate were taken at 5 and

20 minutes and the S.A. of the pyruvate in them determined

(B.2.12.2). The perfusate lactate concentration did not

change significantly, and in i+ experiments the S.A. of the

perfusate pyruvate relative to an initial lactate S.A. of

1000 c/s/uraole was:-

at 5 minutes 827 +. 53

(+ S.E.M.) c/s/pmole.
and at 20 minutes 691+ +_ 63

The lactate S.A. at 20 minutes was 665 +. 1+1 c/s/pmole.
The significance of these results will be discussed

in the modelling section (D.2.2.3).

C.2. ,j Carbon Chain Degradation Studies

Although very little or no pyruvate carboxylase,

'malic enzyme* and phosphoenolpyruvate carboxykinase

activities have been observed in the cardiac cell (A.1+.1+),

it seemed a possibility that they might exist in sufficient

quantity to cause significant redistribution of label in

pyruvate and lactate.

Pig. C.29.1 depicts the situation if material returns

from oxaloacetate to the pyruvate pool. Laoel would be

introduced into carbon 1 and the S.A. of the pyruvate pool

would increase since this is equivalent to labelling the

inflow of material from PEP.
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Table C.26 Collation of Experimental Results
Values given are means + S.E.M.

Measurement Control
Group

Insulin
Group

G.H.
Group

S.A. (c/s/pmole):-
Perfusate Pyruvate

40* 2I4.O + 13 470 + 53 430 + 36
Perfusate Pyruvate

60* 440 + 29 800 + 43 610 + 38
Heart Pyruvate 120 + 19 120 + 56 34 ± 22
Alanine 210 + 23 371 + 47 260 + 38
Glutarnate 230 + 20 360 + 21 220 + 12

Lactate 60* 490 + 16 720 + 37 500 + 21

a-oxo-glut arate 430 + 48 360 + 19 90 + 18

Pool Sizes:- (umoles/gj
Perfusate Lactate 30-9+0-2? 100 + 1*2 32*6+0*63
Heart Lactate 0*63+0 *061+ 1*7 + 0*25 0*64 +0*11
Perfusate Pyruvate

30' 10*6+1*1 10*510*82 6*2+0*87
Perfusate Pyruvate

60' 2*8 +9*63 3*7+0*53 3*0+0*42
Heart Pyruvate 0*093+0*016 0*049+0*0034 0*034+0*0034
Alanine 0*4+0* 11 0*7+0*13 0*44+0*090
Glut arnate 2*8 +0*i|2 3*6+0*35 2*6+0*37
Glycogen 0' 13*1+0*38 13*1+0*38 20*1+0*6

Glycogen 60' - 17*0+1*2 -

Glycogen 120' 12*5+0*88 - 24*2+0*70

Uptake Rates:- (umole/ninO
Glucose 0*62+0*031 0*74+0*034 0*66+0*013
Oxygen 4*5+0*11). 4•6+0•38 -

Perfusate Pyruvate
30'-60' 0*26+0*022 0*229+0*004: , 0*105+0*011

Apparent Lactate
Efflux

(pmoles/minj
0*62 1*1 0*78

10 x v (C.2.3.1.1) 2*0+0*16 1*1+0*17 2 • 4+0 • 32
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If carboxylatioh of pyruvate to oxaloacetate also

takes place then there would be label in all 3 pyruvate

carbon atoms (Pig. C. 29.2) and the S.A. of the pyruvate

pool might increase or decrease depending on the rates of

these reactions relative to the formation of acetyl CoA

from pyruvate. Any radioactivity introduced via the GO^
would be lost in the decarboxylation reactions of the

citric acid cycle.

To check whether this was occurring to a detectable

extent, the individual carbon atoms of pyruvate were inves¬

tigated. Ideally a sample of the heart pyruvate pool,

in addition to the perfusate pool, should be degraded, but

insufficient material was available for this. The specific

activity of the carbon atoms of a perfusate lactate sample

was also determined.

The methods used are described in section B.2.5*

The radioactivity in the carbon atoms coming from

C-l or C-3 of the labelled lactate or pyruvate was negligible

in all 3 instances. Thus no appreciable recycling of radio¬

activity from oxaloacetate appears to occur in the cardiac

cell.

C.2.6 Summary of the Results of the Tracer Experiments

The principal results obtained in these studies

which a model of the system will have to fit are collated

in Table C.26.
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CHAPTER P

Derivation of Klnetlo Parametara



- 181+ -

Zfifi®
D.l Model Building 185

D.l.l Choice of a Model 185

D.l. 1.1 Conception 186

D.1.1.2 Implementation of the Model 187

D.1.2 Parameter Estimation from the Model 193

D. 1.2.1 The Analog Computer 191+

D.1.2.2 The Digital Computer 195

D. 1.3 Comparison of Experimental and
Simulated Parameters 197

D.l.3*1 Best Fit of Model to Data 198

D.l.3.1.1 Digital Methods 198

D.l.3.1.2 Analog Methods 200

D.l.3.2 Non-Uniqueness in Model Building 201

D.l.3.2.1 Non-Uniqueness of a
Solution 201

D.l.3.2.2 Non-Uniqueness of a Model 202

D.2 Modelling Studies 205

D.2.1 Boundary Fluxes 205

D.2.2 The Basic Model 209

D.2.3 A Model of the Intracellular Pyruvate
Pool 211

D.2.1+ A Model of the Perfusate Pyruvate
Exchange Reactions 221

D.2.5 The Perfusate Pyruvate Precursor 231

D.2.6 A Flow-through Model for Lactate 2i+l+

D.2.7 The Alanine Pool 21+8

D.2.8 The a-Oxo-Glutarate and Glutamate Pools 252

D.2.9 Conclusions 253



- 185 -

D. Derivation of Kinetic Parameters

In order to derive the kinetic parameters from the

experimental data, it is necessary to construct a model

capable of reproducing the experimental results (see

Sheppard, 1962).

This chapter is divided into two main sections

(a) Model Building which contains a brief description of

modelling aims and methods;

and (b) Modelling Studies which describe the interpretation

of the experimental data presented in Chapter C.

D.l Model Building

While no formal approach (cf. J. McLeod, 1968)

to model building methods has yet been established, it is

possible to distinguish several stages in the process

(Berman et al., 1962):

(1) Choice of a model

(ii) Parameter Estimation from the model

(iii) Comparison of Experimental and Simulated Parameters

(iv) Revision of model if inconsistent with experiment.

D.l.l Choice of a Model

This divides roughly into (1) Conception - proposing

suitable interactions and deciding how precisely one may

describe these.

(2) hnpleraentation - translation of model into a form
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suitable for simulation and the limitations of this form

on the usefulness of the model.

D. 1,1.1 Conception

The model proposed first of all should be the

simplest one, describing the system under study, which

incorporates all the reactions or diffusion processes

>4iich are known to exist (Garfinkel, 1969). This can then

be modified at the conceptual stage by peripheral information

acquired from the literature. For example, in the present

case, the pyruvate carboxylase reaction can be ignored since

it hardly occurs in heart (Keech and Utter, 1963) while some

of the experimental evidence demanded the postulation of

two separate pyruvate pools, rather than the single all-

inclusive pool which would be the simplest model.

It is always possible to have different levels of

complexity in the same model; In particular, one might

wish to examine some part in greater detail while considering

the rest as environment. Thus in this study, the reversible

reactions in the glycolytic pathway have been considered

merely as net producers of 3-carbon units flowing into

pyruvate and the tricarboxylic acid cycle da

an oxidiaer of acetyl units, and attention has been focussed

on reactions involving pyruvate, lactate and alanine.

The lumping of distinct parts of a model (i.e. treat¬

ing them as a single entity) is also valid where the exchange

between them is much greater than their exchange with other

parts cf the system (Sheppard, 1962) and may even be necessary
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to avoid stiff equations in digital methods (Cooper, 1969),

e.g. in this study intracellular and perfusate lactate have

been lumped since they exchange more rapidly than intra¬

cellular lactate does with pyruvate.

D. 1.1.2 Implementation of the Model

Having proposed a series of interactions which may

represent the system, the next stage is to determine whether

the model is capable of behaving like the experimental system.

It is impossible, except with the very simplest of models, to

conceive quantitatively how they will respond to experiment

(e.g. how tracer injected to one of the pools will distribute

itself among the others). A method of simulating the

experiment in the model system is required. Although it Is

possible to have direct physical simulation of a model (as

with a hydrodynamic analog, Sheppard, 1962), this simulation

generally means describing the model as a series of mathematical

expressions relating the measured parameters to those being

sought. The object is then to determine whether or not

values exist for the unknown parameters, which will give the

measured variables in the models values which correspond to

those actually measured in the biological experiment.

It is possible to choose any suitable mathematical

formulation which will give functions of the type observed

in experiment. Thus the choice of continuous functions

which could represent cell processes ranges from simple

algebraic expressions to polynomials of degree sufficient to

fit any given function (Berraan, 1965). More recently,
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continuous cell processes have been represented by

probability density functions (Bergner, 1962, 1964#

Bartholornay, 1962; Garfinkel, 1965; Sheppard, 1969)# and

the underlying stochastic events have been considered

analagous to cell processes: a chemical reaction is, after

all, a series of discrete events which occur with a certain

probability. The criterion for choosing the type of

formulation to use depends mainly on the information desired

from the model. Thus if one is interested in the rates of

some reactions and the method of measuring those is by

observing the change of S.A. of the reactants, having labelled

one reactant initially, then the formulation must be a form

relating the S.A's and the rate parameters. On the other

hand, some part of the system may be influenced by unknown

factors and may have to be described by some formulation which

empirically fits its observed behaviour, so that the influence

of this part on the whole system may be described, if not

interpreted. For example, in this study, the rate of entry

of material into the perfusate pyruvate pool seems to vary

with time. Although the underlying mechanism is not under¬

stood, the variation of the transfer rate may be represented

by an exponential function of time in order that the effect

of the perfusate pyruvate on the rest of the system may be

assessed.

If one is to depict intermediary metabolism as a series

of pools involved in tracer exchange (see section A.1+), then

only a limited number of mathematical formulations yield

physically interpretable parameters. These various forms of



- 189 -

tracer exchange equations have been extensively discussed

(Robertson, 1957; Sheppard, 1962; Hart, 1963; Bergner,

I96I4.). In general they divide into two groups:

(1) those in which the exchange of tracer between the pools

is described by a aet of differential equations. This

group includes the 'sum of exponentials' representation

(see section A.3), since these are merely the solutions of

the differential equations. This formulation, since It is

simple, requires only a basic knowledge of calculus to

use, and is formally similar to the rate equations encountered

in elementary chemical kinetics, is the one which has been

used extensively in biology.

(2) other formulations

(a) Branson (19J+8) has suggested an integral equation

representation in the form of a Volterra integral. This how¬

ever ha3 limitations (Wijsman, 1953; Hearon, 1953) which

mean that the rate functions derived may have no physiological

significance (see Branson, 1963)* The method requires data

in the form of a sum of exponentials which Is often imprecise

(A.3) and the data must be that of the Initially labelled

compartment (Branson, 1963). This formulation may be use¬

ful in comparing the effeot of physiological or pharmacolo¬

gical agents on the system since it yields parameters of the

system (albeit unidentified) relatively easily (Branson, 1963).

Some other theoretical work following Branson's

approach has been reported (Stephenson, 1958; Hart, 1963b).

(b) The description of tracer movement between

compartments as a stochastic process has been tackled
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theoretically by Bergner (196ij.) and although his method

does not require the assumption of homogeneous pools, which

the other methods do, it yields only parameters proportional

to exchange rates and not as yet the exchange rates themselves.

The only useful formulation for deriving rate constants

would seem to be that of group (1) above. Its application

to tracer kinetics has been admirably described by Sheppard

(1962) and an example will serve to demonstrate the

notation used in this study.

Consider the two compartment model of Pig. D.l, in

whioh compartment i is labelled instantaneously with tracer

at time zero, where

rlJ'rjl = aMOunt °f transferring j —» i,
i > j in unit time.

rxj = amount material leaving the system in unit time.
ai j = radioactivity per unit amount (S.A.) of i,j.

j = radioactivity of i,j
I,J = amount of material (pool size) in i,j.

then for pool is-

dR,

"IF = "rji*ai + rij*aj (1)
or dR,

"IF = ~kji,I,ai + kij*J,aj (la)
dR.

"dF = ~kji*Hi + kij,Rj *2)
where k^j are the fractional amounts leaving the i,j
pools. The dimensions of kjj_# ^ ^ are time""*".
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An alternative way of treating (1) when the pool 3izes

are constant is:-

dH^ da^
~dt~ = 1 "dT = "rji,ai + riyaj
da• -r .. r. .

■dT = HP •"! +H •*! (3)
(3) is the most commonly encountered formulation since

experimental data are often specific activities.

Vihen the pool size is not constant then:-

T,t, dsi . ai
■dF = I(t) "dT + Bi dt

so that (3) becomes

d^ _ _<ru + dl/dt) rii
■dt lit] "1+ lit) -aJ <w

Thus, while the coefficients of the radioactivity terms in

equation (2) are not necessarily any more useful than those of

the S.A. terms in (3)» when the pool size changes equation (2)

has constant coefficients if the fractional turnover is

constant, while (i+) does not.

Note that (2) is comparable to the equation describing

the change of ohemical between the pools

H = + kij*J
where I,J are the amounts of chemical in the pools (pool

sizes). Because of the difficulty of knowing the volume

of the intracellular environment, equations involving pool

size rather than concentration terms are to be preferred.

Similar relationships can be derived for pool J
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from the basic equation:-

djRj
= -aj(ru + r*j> * rji-ai

The object of this study is to measure the transfer

coefficients (r), though on occasion these may be better

defined as k*s, and the formulation most suitable for the

purpose in hand at the time will be used.

D.1.2 Parameter Estimation from the Model

It is easily shown (Sheppard, 1962) that integral

solutions of the linear differential equations for the R^
(or a^) terms exist as a sum of exponential terms,

e.g. for equations of the type of

dR. * "
-ar - - p + p kirHj ; J t1 (5)

id s y s t-ey^
describing the exchange of pool i with n-1 other compartments^T
Where the tracer was initially added to pool Z (zero time

radioactivity = Rz(0)), the solution for R^ has the form:-
Hi ■ E VXmt <6)

m

where is f(Rz(0), k^, kijt)
arid is f(kj1# kjj).
Although in principle it is a simple matter to derive

analytical solutions of the form of (6) for any set of linear

differential equations using Laplace transforms, in practice,

inverting the transform to a solution is very tedious. The
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solution corresponding to the compartment sampled may be

used in conjunction with curve-peeling techniques to derive

values for the rate constants (A.3) although another

technique has been described (Robertson, 1962) which allows

this derivation without requiring the analytical solutions.

It was pointed out in section A.3 that the use of

exponential solutions for deriving the rate parameters was

unsatisfactory since constants calculated from curve peeling

lack definition and the method only applies to linear systems.

The alternative is to describe the system as a set of

differential equations and to integrate these by numerical

or analog techniques, adjusting the values of the rate

constants, arbitrarily assigned initially, until the values

of the measured parameters from the computation and ea^eriraent

agree (A.3J Berman et al., 1962).

The decision as to whether to use digital or analog

methods to solve the differential equations is influenced by

several factors:

D.1.2,1 The Analog Computer is simple and easy to use,

provided the model is not very non-linear, nor so large as

to require excessive over-simplification in programming,

since most analogs are of a restricted size. Por example

a typical configuration (Solartron Hybrid Series-7) might

make available 24 potentiometers, 12 operational amplifiers,

3 multipliers and a function generator component. This is

capable of modelling a system w5.th about eight pools, where

no more than 3 terms are non-linear. It is possible, however,
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to slave similar configurations together, as was done in

modelling the non-linear 2 pool system described in section

D.2.I4.. Garfinkel (1966b) compares the size of the analog

computer of Hlggins (1965) which is capable of handling 20

chemical reactions and "is as large as analog computers go",

with a digital system which could accommodate 10,000

reactions or more.

On the other hand, since analog machines are relatively

unpopular it is possible to have continuous access to one,

and thus to be able continuously to assess the output and

readjust the input accordingly until the experimental results

are reproduced. This interaction is the most important

single factor in achieving parameter fitting in a reasonable

time (see Garfinkel, 1969).

One serious disadvantage of analog methods is re¬

stricted accuracy. When a problem involves parameters

with values differing by factors of 100 or greater, it is

necessary in scaling the problem to use gain factors which,

perforce, magnify also any electrical 'noise1, so that, in

extreme cases, the 'noise* may become as significant as the

parameter voltages of the problem.

D. 1.2.2 - The Digital Computer subject to the stability of the

numerical methods used (Cooper, 1969) is able to deal with

large complex systems though it is rarely, without consider¬

able preparation [e.g. special simulation languages,

Garfinkel et al., 1961], as simple to program as an analog

machine. The use of a large batch processing computer
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with a I2-2J4. hour turn-round means that one must replace

user interaction to some extent by supplying a program

capable of comparing computed and experimental parameters

and adjusting initial conditions to achieve a better fit.

Programs which employ optimisation routines (see

Swarm, 1969) to adjust initial parameters, require a large

amount of time and specialised knowledge to write (see

Berman et al.« 1962; Burns, 1969; Barnes, 1969). However,

it is to be expected that large general programs of this sort,

written by specialists, will become library material in any

large configuration (e.g. Berman's SMM 23, Berman and Weiss,

1967, which is available in U.K.).

The principal advantages of this type of program are

that, while it is not as easy to implement as an analog one,

it is capable of much greater accuracy and it may be capable

of providing confidence regions for the computed parameters

(see section D.l.3.1). However, for the optimisation to

converge on a solution, generally the initial 'guesses' have

to be good (Berman et al.« 1962) and the problem of providing

those seems best answered by the use of analog methods.

Thus the conclusion is that where possible one uses

analog methods, and transfers to digital maohines when the

models are too complex, or when one wishes to examine the

confidence regions associated with the fitted parameters.

In the study reported here, the procedure I intended

to adopt was to use an analog computer for examining possible

models and then to employ the estimates obtained in a large

digital program designed to cope with modelling studies like
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this and provide confidence regions for the derived para¬

meters. In fact, this digital program (SAAM 23; Berman

and V/eiss, 1967)* despite the aid of professional programmers,

has not yet been successfully mounted on a machine in this

country. Attempts to debug this digital program [and to

set up a possible alternative (Barnes, 1969) to yield

confidence limits for the parameters] are still proceeding,

but since these programs were not available, only the analog

studies will be presented in this Thesis.

D.l.3 Comparison of Experimental and Simulated Parameters

Although a successful model is merely equivalent to

a quantitative theory and constitutes no final proof of that

theory, which ought then to be tested experimentally, the

converse is not true, and an unsuccessful attempt to fit a

model can be disproof. The procedure with a new model

generally, is to vary the parameters over quite wide ranges

(consistent with any independent knowledge) until either a

fit is obtained or until one is reasonably satisfied that

a good fit is impossible. Garfinkel (1969) discussing the

testing of biochemical models against experimental data

writes that " if one cannot obtain approximately the right

behaviour of a model, after adding a new idea, in half a

dozen or so tries where the parameters may be varied over

rather wide ranges, then it is unlikely that success will be

obtained by the insertion of other numerical values." This,

however, never deters one from trying more values for a
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further day or bo, although I have up till now always found

Garfinkel's contention correct.

D.l.3.1 Be3t Fit of Model to Data

Some criterion for deciding when the computed and

experimental parameters are not different is required i.e.

some measure of how well a model fits the experimental data.

Without using any formal statistical techniques, it

is often possible to eliminate unsuitable models because

of their total inability to simulate experimental functions

(for example see D.2.3). However, where more than one model

appears to fit the data, Berman (1965) ha3 suggested two

criteria which might be applied in deciding the best model

(see also D.l.3-2):

(1) the best model should have the smallest confidence region

for the determined parameters and

(2) the experimental data should be randomly distributed about

the model valuers.

D.1.3»l«l Digital Methods

The most commonly used digital method of fitting

data to model equations is a least squares procedure in

which the moat probable set of values of parameters (a,b,

c etc.) held constant during experiments and related

through the model equations u.^ = f(A,B,—; a,b,c ) to
the experimental variables A,B, is given by the set which

minimises

[ujl - f (A,B, ; a,b,c ) ]2 (i)
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Where f(A,3, ; a,b,c ) is linear [or able to be

linearised (Cleland, 1967) with respect to a,b,c ], one

takes partial derivatives of (i) with respect to each para¬

meter in turn, yielding n linear equations in the n unknowns

in which the partial differential coefficients equal zero at

a minimum. Standard matrix methods (Cleland, 1967b) allow

the solution of these equations and the derivation of the

associated variance of the parameters. Difficulties arise

because the derivation of the normal equations above assumes

that all the a,b,c are independent which is hardly ever

so e.g. if a is an outflow from a pool, and the pool decreases

at a known rate, the inflow rate b is defined. The addition

of more equations to this ill-conditioned set may not improve

the situation if they are 'nearly* dependent on the already

available ones, and in such cases it is necessary to introduce

additional assumptions about the parameters [e.g. sane rates

are negligible (= zero) or fixed and given as data] to permit

a solution (Berman et al., 1962).

In more complicated models it may not be possible to

differentiate the equations, or almost insoluble non-linear

equations may result from differentiation. In such cases,

especially where the parameters are constrained (certain

ranges of values impossible) or inter-related - almost always

the case in biological models - several optimisation techniques

have been proposed, although there exists, at present, no

routine which is universally applicable and each problem must

be treated on its merits (see review by Swann, 1969).
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D.l.3.1.2 Analog Methods

The fbest fit* in analog methods is taken to be the

values of the parameters at which the plotted functions

(X-Y plotter; oscilloscope) most closely go through the

experimental points. This is not nearly as haphazard as

it might seem, for the parameters are generally not suffic¬

iently independent of one another (the great source of

difficulty in using least squares methods, D.l.3*1.1) to

allow one to be adjusted without altering most of the others

to some degree. Thus, it is much more difficult than it

looks to improve the fit to some points without losing contact

with others already fitted.

The problems of how closely a smooth curve should fit

to the scatter of experimental values has been tackled in

this study by sampling the time-course values in the

perfusion experiments repetitively at a few time points (A.3)

and thus obtaining at these points a better estimate of the

mean value than if the same number of experiments had been

used to find an estimate of the means at more points in time.

The criterion for fitting used was that the computed value

was no further than one times the standard error from the

mean point at any time. Often models could be found in

which the shape of the computed curve was close to that of

the eventual solution, but the model was unable to fit the

points to this test (see Pig. D.10, P9ge 218).
No suitable general methods for obtaining estimates

of precision of the fitted parameters by analog methods have

been described. Reich (1968) has suggested one method,
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which, if applied to net exchange in a two pools system,

can offer relation grids between the parameters. On the

other hand, it is almost always possible to give allowable

limits for any derived parameter from a consideration of

known peripheral exchange rates (e.g. in the pools system

studied here, the rates of glucose utilisation and oxygen

uptake) or knowledge of existing steady state conditions

(e.g. Reich et al., 1968).

D, 1. 3.2 K on-Unlqueness in Model Building

The possible non-uniqueness of models or of solutions

for a given model has been a cause for concern (Berman, 1965?

Garfinkel, 1969).

D.l.3.2.1 Non Uniqueness of a Solution

Although in an fn' pool system where reversible

flow is possible between each pool and every other one in

the system there may exist in theory more than one best fit

to any given set of data, there is in practice a constraint

on the number of interactions which is predictable from

peripheral knowledge of the system. Pring (1967) has stated

(without quoting any example) that when more than one range

of sets of constants showed signs of being able to reproduce

his biological data, sets of values within each range were

then used as initial guesses, and found to converge on the

same set of values. He concludes that these ranges of sets

of parameters were due to extended well3 in the sum of

squares surface and not to independent minima, and merely
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exhibit lack of precision in the constants determined with

the given data. The validity of this contention could,

perhaps, be tested if reliable estimates of the precision of

the parameters were available.

The finding of an acceptable minimum in the sura of

squares surface does not exclude the existence of other

minima. However, no rigorous procedure for searching for

other minima exists (Berman, 1965) and one possible approach

is to try various initial estimates for the parameter values

and observe whether they converge on the original minimum or

not.

The analogous approach with an analog program is

not to accept the first fit but to try and achieve

alternative parameter settings which will reproduce the

experimental functions.

D.1,3.2.2 Non-Uniqueness of a Model

Excessive (for this purpose ) variation in the data

may also mean that two or more models fit that data with

approximately equal precision, dome method of choosing

between them or combining them is required. As with any

two or more opposing quantitative scientific theories the

resolution is best achieved by prediction followed by

experiment and not on statistical grounds alone.

In principle there are an infinity of models which

fit any set of data, (Berman, 1965), so that a proposed

model is certainly not unique in this sense. All that one

can hope to do is to choose the more likely models based on
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one's knowledge of cell metabolism and select among those.

The result is a hypothesis which will hold up indefinitely

only if one has chosen the correct solution.
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Fig. D.2

Pyruvate

Glycogen

U
Glucose

I
Triose

v

Acetyl

Free Fatty Acid

C02 ' K2°

The numerals depict the number of 2 H s produced during

the reaction sequences leading to the production of, or

utilisation of, one acetyl unit.

Triose to acetyl via pyruvate is separated from pyruvate

utilisation purely for convenience.
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D.2 Modelling Studies

The approach outlined in section D. 1 is that a

simple model is proposed which may be expected to describe

the experimental system, and this is accepted or modified

after comparing its predictions with the experimental data.

There are no examples in the literature of the

methods by which authors arrive at their final model. In

describing possible interpretations of the results presented

in Chapter C, I have, as far as possible, attempted to

present the steps in arriving at a model in the order in

which they occurred, to demonstrate something of how it is

done.

In this chapter the emphasis will be on finding a

model which fits the data. Discussion of the implications

of the models which have been selected will be found in

Chapter E.

As a preliminary step in constructing a model, it

is possible to derive values for the rate at which material

enters the system from hexose and leaves it for the mito¬

chondrion, by consideration of glucose uptake, the net

contribution of glycogen and the oxygen uptake (A.^.5).

D.2.1 Boundary Fluxes

On the basis that each 2 hydrogen atoms, formed in

the oxidative steps, take up one atom of oxygen, the path¬

ways can be depicted as shown in Pig. D.2.
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Table D.l

Boundary Flux Parameters for the Perfused Heart

Control Insulin Growth, Hormone

Glucose uptake 0*623 0*7^3 0*66i+

Glycogen production -0*006 0*0614- 0*035

Glucose oxidised 0*629 0*679 0*629

Triose flux (rTR) 1*258 1*358 1*258

Pyruvate uptake (r?)
0-15* -0*27 -0*717 -0*392

30-60' 0*257 0*229 0*105

4K

Oxygen uptake 4*5 ip* 6 (V55)

All values are in {jraoles/min./g.ww.

These are average values for the time interval,
estimated from graphs (Pig. C.6, page 91)
(Pig. G.9, page 9J+; Pig. C.10, page 95).

The oxygen uptake was not measured directly, but was

assumed to be l+*55 pmoles/nin./g.ww., since the oxygen

consumption of the whole animal is known not to change
after growth hormone administration (Greenbaum, 1953*
Ketterer et al., 1957)•
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Prom this an equation may be deduced:-

2xTR + rp + 2*FFA + ^(rTR + rP + rFFA^ = dV0z
where

is the flux (pmoles/foin.) from triose to mitoohondrion

rp is the flux (pmoles/min.) from pyruvate to mitochondrion
rPF4. Xs k*10 flux (pmoles/min.) from fatty acid to mito¬

chondrion

rn is uptake (pmoles/min.) of oxygen
2

Table D.I sets out the values to be substituted in this

equation (3 places of decimals were carried in the calcu¬

lations. ) The values given in Table D.2 provide the net

flux through the pools to be modelled and yield an estimate

of fatty acid oxidation rate.

Table D.2

Chemical Fluxes in the Perfused Heart.

Time Control Insulin G.H.
(mln.)

Flux pyruvate 0-15 0*99 0*64 0*87

Acetyl (rTR + rp) 30-60 1*52 1*59 1*36

^-oxidation flux 0-15 0*4-7 0*77 0*59

(rppA) 30-60 0-03 -0*02 0*17

TCA cycle flux 0-15 1*46 1*41 1*45

(rTR + rP + rFFA) 3°"60 X'5^ X'59 X'53

All values are in pmoles/min./&.ww.
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D.2.2 The Basic Model

The simplest model for the system is that shown in

.Pig. D.3# whioh is identical with that of Pig. A.l. The

principal assumptions on which this model is based are

that the material in each of these pools is homogeneous

end that the pool sizes and the flows between compartments

are constant.

The experimental data show that these assumptions

do not all hold and that this model must consequently be

elaborated before it can hope to explain the results. For

example, the specific activity of pyruvate found in the

perfusate is quite different from that of pyruvate found in

the tissue (Table C.26, page l8l). Thus pyruvate certainly

cannot be considered to exist in a single homogeneous pool.

The S.A. of tissue pyruvate is in fact much lower than that

in the perfusate. One explanation of this might be that

there is a lactic dehydrogenase (LDH) catalysing an exchange

between lactate and perfusate pyruvate which is distinct

from that catalysing the exchange between lactate and tissue

pyruvate. The possibility that the enzyme reaction might

occur in the perfusate is obviated by the absence of NAD+:
for, although a low LDH activity is observed when NAD+ or

NADH is added to a sample of perfusate containing substrate,

when lactate or pyruvate alone is added to a sample of

perfusate, its concentration remains unchanged after

incubation for an hour at 37°C» Thus the reaction which

perfusate pyruvate undergoes to beoome labelled is intra¬

cellular or even across the membrane.

Ignoring alanine, for the moment, an attempt was
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made to devise a suitable model to describe exchange

between lactate and pyruvate, and the loss of radio¬

activity from the system through the latter compartment.

D.2,3 A Model of the Intracellular Pyruvate Fool

A simplified model of the system (Pig. D.lj.), which

ignored the perfusate pyruvate pool, was considered initially.

The total amount of radioactivity lost from the

lactate pool during the 30 minutes of the experiment was

fairly large (for example in the control group the lactate

S.A. drops by 50$). The perfusate pyruvate pool retains

a small amount of this (6$ in the control hearts), but the

rest of the label is lost; it is assumed that this takes

place through the oxidative decarboxylation of pyruvate.

This should lead to intensive labelling of the internal

pyruvate pool but, in fact, the S.A. of the tisaue pyruvate

is remarkably low, especially in the growth hormone hearts.

Equations describing the traoer exchange in the

pools system of Pig. D.J+ and an analog computer represen¬

tation of these are given in Pig. D.5«

The values used for r^ were those derived in section
D.2.1 for the rate of pyruvate decarboxylation. Since

the lactate pool size and the tissue pyruvate pool size were

constant, r^ = r^. Different values for were inserted
until the lactate decayed along a line

.vf

aL = 1000 e where y has the value given in
Table C.26 (page 181 ) and t = time in minutes from
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Fig. D.6

X-Y Plotter Output representing the S.A. time-

courses of Lactate (L) and tissue Pyruvate (P).

The points are the theoretical ones for the

function ay = 1000 e"0*02^-?0)ij

min.
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injection of tracer. An example of the curves obtained

when this model was simulated (values taken from the control

group of hearts) is shown in Pig. D.6. The values for the

tissue pyruvate 3. A* a at 60 minutes predicted by the model

are given in Table D.3 along with the experimental

values and the values of and r^ used in the model.

Table D.3

Specific Activity of Tissue Pyruvate Observed and Predicted

from model.

rl'r2
*

4

S.A. from model

from experiment

Control

1*3

1-5

2I4.O

120+19

Insulin Growth Hormone

2-5

1*6

470

102+56

1'7

1*35

280

34+22

pmoles/nin.; + c/s/fimole.

Thus the calculated values, using this model, for the tissue

pyruvate S.A. which are necessary to remove the

experimentally observed to leave the lactate pool are con¬

siderably higher than the experimental ones. There must

therefore be at least two intracellular pyruvate pools; one

of high S.A. and a second with little or no radioactivity,

in order to account for the low S.A. of the observed tissue

pyruvate. If this suggestion were true, LDH must be

localised in a portion of the cell, otherwise, since lactate

is apparently distributed throughout the cell it would be
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impossible for a virtually unlabelled pyruvate pool to exist.

The perfusate pyruvate, in contrast to the total

tissue pyruvate, is highly labelled. If there is only one

site of LDH activity in the cell, then perfusate pyruvate

must be either a product or a precursor of the labelled

tissue pyruvate pool. Pig. D.7»l and Pig. D.7«2 depict

possible models. Fig. D.7.1 represents an intracellular

site and D.7^2 a cell-wall site for LDH. If the enzyme is

compartmented at two sites then Pig. D.7«3 and Pig. D.7»4

represent possible models.

In these models all the feasible interactions have

been shown. There are thus more rate constants than there

are equations to solve them, and it is necessary to

simplify the models e.g. in Pig. D.7 the fluxes from triose

to LP and from VP to LP could not be distinguished from one

another,nor the fluxes from LP to AcSCoA and from LP to VP,

and they would have to be replaced by a single flux in each

case.

The perfusate pyruvate was found to be highly labelled

and it appeared to be a likely candidate for that pyruvate

pool through whioh lactate counts are lost. It seemed

possible that in the models shown in Pigs. D.7«l< D.7»2

and D.7.U- rate of exchange between PP and LP is large

compared to the other transfer rates so that PP and LP are

indistinguishable. Consequently these models might be

approximated by Pig. D.8.

The possibility that PP and LP are effectively

identical was tested by constructing an analog model of the
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Fig. D.9
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X-Y plotter output from analog model Fic;.D,9
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scheme in Pig. D.8. Any interaction between VP and PP

was ignored. Pig. D.9 shows the equations of the model

and the analog patch diagram. Since a function generator

component was not available the change in PP pool size

has been simulated as an exponential. The value of

d(PP)/dt, (PP), was approximated by a constant because

over a suort time the exponential curve is not different

from a straight line (see pages 11+2, 157, 171). This

model was quickly disproved because the simulated perfusate

pyruvate ourve could not be made to fit the experimental

observations. Fig. D.10 presents the simulated functions

and the means of the observations in the growth hormone

and control experiments. The shape of the pyruvate curve

depends on the lactate-pyruvate exchange. If this

exchange is made rapid enough to fit the pyruvate curve

to the 60 minute experimental value, the predicted value at

^.0 minutes is invariably higher than experimental values.

If the 40 minute S.A. is fitted, the pool never attains

the high S.A. observed at 60 minutes.

Thus perfusate pyruvate cannot be identical with the

postulated LP pool. On the other hand, the models in

Fig. D.7 might represent the situation if the direct exchange

between LP and PP is of a rate comparable to the other

reactions, and is not rapid enough to allow lumping of LP

and PP as one pool.

The results shown in Fig. D.10 emphasised the general

difficulty of fitting a computed curve for the perfusate

pyruvate S.A. to both the i+O-minute experimental value and
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to the 60 minute value. Before any other attempts were

made to choose among the models in Fig. D.7# an explanation

of the shape of the perfusate pyruvate S.A. curve was sought.

D.2.1j A Model of the Perfusate Pyruvate Exchange Reactions

In section D.2.3 it was seen that the 30, I4.O and

60 minute values for the S.A. of PP cannot be fitted by a

curve which is a linear sum of exponentials and which is

related to the lactate curve. A non-linearity is almost

certain to be introduced by the variation in the pool size.

The latter would be produced by an influx which decreased

with time or by an efflux which increased with time. Of

the two possibilities, the former seemed likely to give the

observed curve and this has been confirmed by simulation.

The model used to study this hypothesis is shown

in Pig. D.11. In this model, pools LP and L of Pig. D.7

have been lumped as "lactate", because if LP and L were

treated as separate pools the presence in the same model

of pool sizes ranging from 100 - 0*006 pinoles (estimate of

LP pool size, see Table D.5 page 236) made scaling the analog

very troublesome with concomitant loss of accuracy in some

areas of the simulation. Lumping the pools reduces the

soaling factors considerably and thus minimises the effect

of electronic 'noise* disturbance.

For the purpose of testing the hypothesis that the

transfer of material into PP from precursor decreases with

time it is quite admissible to lump L and LP, although the

quantitative validity of any rate constants found depends on

I
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whether PP exchanges with L or LP. If it exchanges with

LP then the discrepancy between the true constants and

those derived from the lumped model increases as the

difference between the S.A. of LP and L increases. There

is, however, reason to believe that the precursor of

perfusate pyruvate has a S.A. equal to, or just slightly

less than, that of lactate (see below, page 23J4.).

Since the size of the lactate pool is constant in

the model Pig. D.11, + r2 = r^ + r^. A plot of log(lac¬
tate radioactivity) against time is linear and it follows

that r^ is constant. Furthermore, r^ is oonstant since
the rate of glucose uptake Is constant. Thus if r^ decreases,
r2 must decrease also. As the pool size of PP diminishes,
it is reasonable to expect r2 to decrease.

The equations were first programmed using potentio¬

meters for all the r/(pool size) quotients and simulation

was attempted by varying the potentiometers manually (with

the aid of a colleague). This rough method showed that if

all quotients involving r^ and r^ were decreased during the
time course of an experiment then the model could fit the

experimental data. A program was devised to accomplish

these decreases more reproducibly.

Since function generator components were not avail¬

able, amplifiers were used to simulate these decreasing

parameters. The form of a first order chemical transfer

rate which decreases as substrate is used up would be

exponential. Thus it seemed appropriate to simulate the

decrease of the transfer parameters as exponential functions.
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Let r-^/L = q
then q(t) = q(0) e~mt where m = an arbitrary constant;

q = q(0) at t = 0

i.e. ^ = -mq

The patch diagram used to simulate this is shown in

Pig. D. 12.1 and that for the model of Pig. D.ll shown in

Pig. D.12.2.

The technique employed was to insert known initial

values for the pool sizes and r, (= d . [log(lactate v

radioactivity)' '
along with some guesses at the initial values of r^ and r^
and the decay constants (m^). PP as before (page 219)
was approximated by a constant. Since r-^ - rd = PP, choosing
an arbitrary value for rn fixed r^. The degrees of freedom
involved in fitting are not as many as may appear at first

glance, sine* values of m must be chosen so that r-^/L and
r^/PP(t) decay to the same r^ value at the final time [since
L and PP(60) are known, r^(60) is calculable in both cases].
Also because of the close relationship of the r*s, variation

in one inevitably required variation of the others (and

the corresponding values of the ra's). However, the nature

of the rn's does increase the degrees of freedom available,

and it proved possible to find a range of initial r^,r2
values which gave functions which fitted the experimental

points, because, if higher values are chosen initially, the

decay rates of the terms can be increased (i.e. larger m^

values). For example, in the insulin group, initial values

of r2 from 0*6 to 1*1 pmoles/minute could provide equally good
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fits to the data points. Some criterion was sought to

narrow the final range within which the values may lie. It

was found that, if it were supposed that the decrease in r^
were to be due entirely to the decrease in pyruvate pool 3ize

rkoXPP
(c.f » 0.1.1.2.14,), then ~ = ■■■ -pp- ■ = = constant. It may be
significant that the value of r^ corresponding to this value
of k^ could always be accommodated in the range of fit.
However this formulation accentuates a problem which is

•

inherent in the simulation. PP and hence by implication PP

were being simulated by functions of an exponential nature

and therefore their values were decreasing with time. But

the experimental observations showed that PP was constant

over the period 30-60 minutes (cf. control, however, Pig. C.21

page 114-2). This discrepancy between simulation and

experiment was less marked with the growth hormone and insulin

groups because the decay of PP produced by the model was

much more nearly linear over the period: but with the control

group the approximation is less good and this was demonstrated

by the inability of the model to satisfy all the criteria

(see below).

These problems underline the difficulty of handling

fairly simple non-linear systems with the analog configur¬

ation which was available. If function generators had been

available on the computer this compromise might have been

avoided, but the good fit of the two hormone groups of

results, where the labelling patterns were not startingly

different from the control, showed the general features of

the model to be correct. Thus the values obtained from the
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model in all three groups were accepted with a view to

using those as initial values in a more rigorous digital

model.

As an example of how assuming that r^/PP is constant
narrowed the range of fit, consider an example from the

insulin hearts

recall

X*2 ^2 pp
PP(t) = PP(t) = PPTt)

PP
~ k2 + pFTt)

t =» (perfusion time - 30)

PP = APP = -0*23 pmoles/min.; PP(0) = 10 *5 and PP(30) = 3*7

(APP will be used to designate the slope of the experimental

PP vSi time curve)

Two examples of values of rgCO) which can fit are 0*7 and 0*9
and the computed curves fit the experimental points if values

**2 + pp
of m^(Fig. D. 12) are chosen so that —p'p ^^ ^ has a value of
0*0326 and 0*0125 respectively at t = 30.

Thus
• •

0*0667 + ^73^) = 0*0326; and 0*0857 + ^?30) = 0*0125
whence PP = -0*126; and PP = 0*271.

Since the experimental value for PP is -0*23 it would seem

that the best value for lies between 0*7 and 0*9 and

values between those two should be tried (and in fact,

r^ (0) = 0*8 gives a PP value at the final time of -0*22).
Other criteria which the model has to satisfy are

that the v^/L value at the final time mus»t equal x PP(30);
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Table D.4

Moat Probable Values of Parameters obtained by Simulation
of Model FIr. D.ll.

Parameter Control Inaulln Growth Hormone
Group Group Group

*

*x (30) 0-14.0 0*80 0*40
*
r (60) 0*04 0*20 0*20

+

K2 0*062 0*098 0*082

*

r3 0*62 1*1 0*78

+

"i 0*077 0*045 0*0233
+

m2 0*037 0*010 0*0013
+

0*15 0*022 0*011

+
0*045 0*035 0*027

* *
PP (calculated -0*17 -0*22 -0*104
at t = 60)

**
L 31*3 101*7 33*2

**

PP(30) 10*6 10*5 6*2

**
PP(60) 2*8 3*7 3-0

APP (experiment) -0*26 -0*23 -0*105

ia.ooles/min,

jjunoles
+
inin ^
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and x PP(30) - r^(30) = PP. Thus the values of r^(Q),
r^(0) and m^ which fulfil all those conditions simultaneously
are restricted.

Atterapting to satisfy all those conditions with an

analog program is an extremely arduous business and it is

when the criteria become as demanding as this, that, having

achieved a suitable model and starting values on the analog,

the optimisation should be carried out by a digital program.

In practice, searching for a fit started with

choosing a value for r-. . Prom this K? was calculated and
vz + PP *■

hence the final time value of " •

The fitted curves are shown in Pig. D.13» and the

corresponding values of the parameters used in the fitting

are collated in Table D.4. Final-time values of r^ and r^
which were compatible with PP were obtained easily for the

insulin and growth hormone hearts but less easily for the

control group where it proved impossible to match the final

time PP with the experimental 6PP value. This was probably

because taking PP = constant was too great an oversimplifi¬

cation since the perfusate pyruvate time-course in this

group of hearts is distinctly curved (Pig. C.21 page lij.2).

Thus although the values obtained from the analog

model are approximate, the degree of the fit which was

possible (especially in the hormone oases) is impressive.

It follows from this study that the data from the

perfusate pyruvate pool is compatible with the proposed

model provided that r^ diminishes with time and that rz is
proportional to [PP].
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The analysis has shown that the decreased net up¬

take of PP after 30 minutes in the G.H. hearts is not due

to diminished influx from the perfusate to the heart, but

rather to a more persistent efflux of pyruvate from the

tissue to the perfusate.

D.2.5 The Perfusate Pyruvate Preoursor

In section D.2.3 it wgs shown that the internal

pyruvate pool through which lactate is oxidised could be

assigned a minimum S.A. at 60 minutes and that, since this

was higher than the S.A. of the tissue pyruvate observed

experimentally, there must be at least two tissue pools of

pyruvate.

Consider Figure D.lij.. If r^ is very low or zero
(only fatty acid oxidation, for example, see section D.2.1)

then the value of r^ is practically the same as that of r^
(which is calculable from oxygen uptake). This determines

the minimum value of the S.A. of LP which is consistent

with the observed rate of loss of radioactivity from lactate,

r2 can also be assigned a minimum value. This is equal to
the rate (r^) of loss of radioactivity from lactate calcu¬
lated from the slope of the log (RLact) curve and it
corresponds with an infinitely fast rate of exchange between

L and LP, and thus r^ oannot be less than r^.
This has a bearing on whether the pyruvate in the

perfusate comes from L or LP. Let us assume that the value

of r^ is the maximum possible one and let us calculate the
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gig. D.I 5

Specific Activity of ( © perfusate pyruvate
( H lactate

min.
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1.5
V

1.3
V

L LP

1.3

1 .23

0.27

Legend

The values are those from the model in section D.2.3.

The rate of production of PP (0-20 minutes) is taken

from Table D.2 (page 207)
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S.A. of LP as a function of time for this model. The S.A.

time-courses from a model of the control results under

these circumstances were given in section D.2.3 (Pig. D.6

page 212). The S.A. curves for lactate and pyruvate are

redrawn in Fig. D.15* Also shown on Fig. D.15 are the

S.A. values of lactate and pyruvate found in experiments in

which [2-^Cj lactate was introduced at zero time to perfusate

containing no pyruvate (0.2.4). The S.A. of the perfusate

pyruvate (PP) in these experiments cannot be lower than the

S.A. of its source at the same time.

Suppose that PP originates from LP as shown in

Fig. D.16. In this model, in which pyruvate does not leave

the perfusate at all, the S.A. of PP at 20 minutes is given

by

rZO
J 0-27 x S.A.../
i> ^ „..-..I — (j.

0-27 x t

From the model described In section D.2.3,

S.A.Lp = 463 e'°'02t
So that p ** 363 c/s/pmole, which is significantly

lower than the S.A. of PP which is found experimentally

(694 ± 63). If there were an exchange reaction between LP

and PP then the S.A. of PP would be even lower. Thus PP

originates from a pool whose specific activity is higher

than the minimum value which the S.A. of LP can take. That

is, either the perfusate pyruvate originates from lactate

or the S.A. of LP is greater than its minimum value, i.e.

r-^ and r^ (Fig. D.14) are significantly less than the
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maximum possible rates.

It is reasonable to suppose that the S.A. of the

precursor of PP is a decreasing function (e.g. lactate, or

LP which rises to a high value very rapidly) and, since the

influx to PP is greater than its efflux, the S.A. of PP

should be greater than it3 precursor at all times (see for

example the 20 minutes S.A. value of PP when the efflux

from PP is zero given above, page 23I;). In view of the

fact that the pyruvate S.A. value at 5 minutes shown on

Fig. D.15 is lower than that of the lactate at that time

and that the 20 minute pyruvate S.A. values is not

significantly higher than lactate at that time, it seems

doubtful that lactate could be the precursor of PP. In

order to make this analysis absolutely rigorous the specific

activity curve for lactate needs to be confirmed by taking

samples of perfusate lactate at several times over the 0-20

minute period.

Of course, this assumes a single precursor for PP;

a trace of pyruvate formed from an unlabelled precursor

would render the argument invalid, and it would be undetec¬

table since there is no way of finding the true S.A. of LP

(or even its pool siz,o in addition to the known total heart

pool size and S.A. of pyruvate).

It is possible, however, to calculate the range

within which the pool size of LP must lie, if it is assumed

that all the radioactivity in the heart pyruvate is to be

formed in LP, because the S.A. of LP at 60 minutes can be

assigned a maximum value (= S.A. of lactate) and a minimum

value (Table D.3 page 208). The relevant data and the



TableD.5

RangeofProbablePoolSizesforLP. ControlInsulinG.H.
HeartPyr.Pool(pmole/g.)0*0930*014.90*0314. S.A.ofHeartPyr^c/s/graole)120102314. MeantotalRadioactivity(c/s)11*1514*171*16 S.A.ofLP(c/a/^imole)at60*lj.902I4.O7201^70500280

LPpoolsize(famoles)0*0230*01460*00580*00890*00230*OOI4.I
%oftotalHeartPyruvatePool25<—»5012•>18712
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range of pool sizes deduced for LP are shown in Table D.5*

These estimates of the pool size were used in con¬

structing analog models of the pools systems shown in

Fig. D.17. It was hoped that some characteristics of these

models not obvious from inspection would show up when they

were modelled and thus provide a basis for choosing among

them. In fact, they all yielded approximately the same

result and thus a single example (the control results on

Fig. D. 17.1) will be used to illustrate the conclusions^.

Since the PP pool size changes, the system of diff¬

erential equations is non-linear if written in terras of the

S.A. However, if written in radioactivity terms with the

fractional turnovers taken to be constant, the differential

equations are linear.

viz. dRPP _ „ .
dt ~ r5 LP " 6 PP

= \5. LP.aTP - r6 . PP. app
LP Lx PP 1P

= .R^p - Rpp (see section D.l.1.2)
The equations describing the pools system of Fig. D.17.1 are

given in Fig. D.18 along with the patch diagram of the system.

The components indicated by broken lines are part of a

chemical model and are to be ignored for the moment. As in

the previous model of the perfusate pyruvate pool (D.2.4),

the rate of influx to PP has been caused to decay exponen¬

tially. Fig. D.19 shows a fit to the experimental points

in the 30-60 minute period.

If one considers the chemical exchanges in thi3 pools
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system it is possible to write a series of equations which

are identical with those of the radioactive model where

is taken to mean the amount of chemical, except that LP

requires an additional terra for r^; and a PP initial
condition corresponding to the amount of pyruvate in the pool

at 30* must be added. The components in the patch diagram

in Fig. D.18 which are indicated with dashed lines are the

additions necessary for this chemical pool. If r^ is given
a value = x LP then the system is in balance. Fig. D.20

shows the lactate and pyruvate pools as a function of time

in this model from 30-60 minutes.

All the models on Fig. D.17 are capable of producing

fits to the system in the 30-60 minute period, as in the

example, and so it wa3 impossible to discriminate among them

on this basis alone.

Since the characteristic rise and fall of the

pyruvate concentration in the perfusate over 90 minutes of

closed circuit perfusion is unaffected by prolonged preper-

fusion (G.1.1.2) it seems reasonable to expect that a true

tnodel of the system will be valid over the whole perfusion

period. Thus the chemical models were tested from zero

time (with no initial perfusate pyruvate) to see if the

lactate and pyruvate pools in the model would behave in

accordance with the experimental data. The zero time value

of n (Fig. D.17.1) was selected to give a steady state in

the lactate and pyruvate pools, when K^ = 0. In all
cases the amount of chemical in the lactate pool decreased

to a minimum corresponding to the maximum in the perfusate
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pyruvate pool, and then returned slowly to the steady state

concentration (Pig. D.21). This is entirely at variance

with the results observed many times (e.g. G.1.1.2), that

the size of the lactate pool did not ohange significantly

during the perfusion period. This fall in lactate concen¬

tration in the model experiments was not unexpected although

the extent of the fall was disappointing. The LP chemical

pool must be expected to vary in size. Unless the whole

of the differences in net pyruvate utilisation and production

over the perfusion period are absorbed in rate r^, some
change in lactate ccncentration must occur. A striking

observation from all the models was the relative constancy

of LP (Pig. D.21). Although the size of the chemical pool

of LP changed very little during the 60 minute period, a

persistent change showed its effect in a trend in the laotate

pool size. Thus the larger lactate pool seems to act as a

buffer against ohange in LP in these models.

Further discussion of the possible applicability of

models like those in Pig. D.17 will be postponed until the

general discussion chapter (E).

D.2.6 A Flow-through Model for Lactate

Table D.5 (page 236) presents ranges of values for

the size of the highly labelled tissue pyruvate pool. The

growth hormone LP pool size estimated from the total radio¬

activity of tissue pyruvate, and from a plausible value for

the specific activity of LP, is only 10$ of that in the

control hearts. Yet the rate of loss of "^C from the lactate
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pool in the two oases is very similar. This poses the

problem of explaining why the concentration of lactate

in the perfusate came to the same equilibrium position in

the growth hormone experiments as in the controls, when the

concentration of pyruvate in the labelled tissue pool was

10 times less. It is, of course, possible that the NAD+/fc(ADH
ratio is lOx less in the growth hormone hearts. However,

this small pool size also implies that the rate constant k

(rate = k[LP]) for the oxidation of pyruvate is lOx greater

in the presence of growth hormone. However, the mean

estimate of the S.A. of pyruvate in the growth hormone

treated hearts is 3I4., but the S.E.M. is 22 (n =7), so that

it cannot be proved statistically that the S.A. is greater

than zero. Consequently, one is entitled to take the

hypothesis that there is no radioactivity in the internal

pyruvate at all, in these hearts. All the exchange models

studied require lactate to exchange with LP and not with PP,

but if the internal pyruvate does not become labelled, there

is equally no mechanism for producing lactate in the heart

(which is necessary for its concentration to remain constant).

And yet the lactate pool does stay constant at about the

same level as for the control.

Since an exchange model for lactate gives rise to

these very serious difficulties, It is logical to examine

a flow-through model.

Consider the model depicted in Pig. D.22. The only
12

possible precursors of theL c3-lactate which dilutes the

labelled lactate pool are (a) unlabelled lactate in a

separate compartment, which is not in accord with the experi-
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mental evidence (section C.2.1) or (b) unlabelled pyruvate.

This model implies that only unlabelled pyruvate is reduced

to lactate, but that pyruvate formed by the oxidation of

lactate does not mix with the precursor pyruvate. The

influx of material from VP —» LP, if any, must be low, since

PP has been shown to come from a pool which is as highly

labelled as lactate or almost so (page 234).

This model has the advantage that the chemical concen¬

tration of lactate can stay constant even although the

concentrations of PP or LP vary. The modol proposed for

the exchange of tracer in ?P with a precursor pool still

holds in this model although the precursor pool could

change in size to accommodate fluctuations in PP pool size.

The total amount of pyruvate in the heart has been found to

remain constant during perfusion for 120 minutes (Gardiner,

unpublished results) but if LP wore only a small proportion

of this, a variation in its size might be undetectable.

In the experiments of Williamson (1964) and Evans

et al., (1%3), in which rat hearts were prefused with 2*5 -

10 mM pyruvate, lactate was produced which could not be

wholly accounted for by glycogen catabolism. This suggests

that an exchange reaction is possible in rat heart. Whether

or not it takes place in the conditions of this study

(relatively high lactate and low pyruvate concentrations) is

not known, but an experimental test may be suggested:

addition of [l4c] pyruvate to the perfusate should give rise

to no labelled lactate if the LDH in the heart is virtually

unreaotive towards externally added pyruvate. This
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experimental test of the flow through model has not yet

been carried out but is obviously the next step in the

investigation.

D.2.7 The Alanine Pool

The S.A. of the alanine in the heart at 60 minutes

is significantly higher than the S.A. of heart pyruvate,

which is presumably its precursor, at the same time. In

fact, the 3.A. of alanine has a value not unlike that pre¬

dicted for the minimum value for the labelled tissue pyruvate

pool, LP (Table D.3# page 213). These values together with

the experimental values for the S.A. of alanine are given

in Table D.6 (for acetyl, see below)

Table D.6 - Comparison of the S.A. of Alanine with the S.A.
calculated for some tissue pools (see text).

Pinal Time S.A. o/s/maole

Control Insulin G.H.

Ala 210 + 25 370 + 47 260 + 38

LP 240 470 280

Acetyl 240 470 250

This could mean that only LP has access to glutaraate pyruvate

transaminase (GPTj EC 2.6.1.2) and that the S.A. of LP has

a value near its predicted minimum. However, the balance

of evidence suggests that LP is the precursor of PP and

that the S.A. of LP is nearer its maximum value than its

minimum value.

An alternative comparison is that the alanine S.A. is

similar to that expected of acetyl (Table D.6). Consider
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the model shown on Pig. D.23. If r^ (fatty acid oxidation)
is zero then r-, » r , and so S.A. of acetyl = S.A. of LP.

Since the fatty aoid oxidation after 30 minutes was very low

in the control and insulin hearts (D.2.1) the value derived

for the minimum S.A. that LP can have to allow the observed

loss of "^0 from lactate in these hearts is approximately

equal to the S.A. of acetyl which will of course be the same,

whatever proportion of the triose carbons goes through the

LP pool. In the growth hormone case rather more fatty acid

appears to be oxidised after 30 minutes (Table D.2, page 207)

and the value of r^ used in deriving the minimum S.A. of
LP was rather lower than r0 was calculated to be. When the

value for the TCA cycle flux (Table D.2) is used in place of

the value for the pyruvate decarboxylation rate in the model

of section D.2.3, then the minimum S.A. of LP for the

growth hormone group at 60 minutes is 250 e/s/pmole and is

equivalent to the acetyl S.A. at that time.

If the specific activity of LP is near the maximum

permissible value, then the fair agreement of the S.A*s of

alanine and acetyl would suggest that alanine has both LP

and VP as precursors; and it implies that the rates of

transamination with the two compartments (ie.LPand VP) are in

proportion to the contribution that each of these pyruvate

pools makes to acetyl. A possible role for a model such

as this will be discussed in chapter E.
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Table D. 7 Comparison of S.A. of acetyl calculated from
that of rr-oxo-glutarate, glutamate and lactate.

Specifio Activity c/s/umole

Metabolite Control Insulin G.H.

a-oxo-glutarate k50 _+ 1^8 380 .+ 19 90 +_ 18

Glutamate 230 + 20 360 + 21 220 + 12

Acetyl-calculated
froms-

a-o-G 300 2k0 60

Glu^ 155 2I4.O lk7

Lactate^ 240 k70 250

(1) Assuming a-o-G and Glu are equilibrated; see text.

(2) i.e. Loss of counts from lactate; Table D.6.
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D.2.8 The a-oxo-glutarate and Glutamate Pools

With the introduction of [1-^^c] acetyl into the

tricarboxylic acid cycle, the S.A. of a-oxo-glutarate (c-o-G)

on the first turn of the cycle is the same as that of the

aoetyl, and about 1*5 x S.A. of the acetyl on succeeding

cycles (C.2.3.1.6). Since the decay of radioactivity from

lactate is slow compared to the TCA cycle rate, it is

possible to ignore the time lapse over a short period, and

deduce from the S.A. of the a-o-G the approximate S.A. of

the acetyl at that time. Taole D.7 gives the values for

the S.A. of the acetyl pool at the end of the perfusion

predicted on this basis.

The S.A. of glutamate is also presented in Table D.7»

Only in the case of the insulin hearts do glutamate and

a-oxo-glutarate appear to have equilibrated, although the

glutamate oxaloacetate transaminase (GOT; EG 2.6.1.1) of

rat heart has a theoretical maximum activity of 500 pmoles/

min./g. (Pette et al., 1962).

The correspondence of acetyl S.A. predicted from the

S.A. of a-o-glutarate with that predicted from loss of

from lactate is not good (Table D.7), although in the oontrol

case it is difficult to say whether the difference is

significant. A likely reason for the differences is the

existence of functionally separate pools of a-o-glutarate

in the cell (GOT has been found both intra- and extra-mito-

chondrially, Pette et al., 1962). The fact that the S.A.

of glutamate in the growth hormone group is higher than the

overall specific activity of the a-o-glutarate in this group
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of hearts confirms this. Thus a possible explanation

for the (?) higher S. A. in the control group would be the

existence of a cytoplasmic pool with a S.A. representative

of the mitochondrial pool at an earlier time.

The existence of functionally separate pools of

glutamate in brain has already been postulated (Berl et al.»

1962) and a situation of this sort in heart where one pool

was virtually unlabelled would explain the discrepancy

between the S.A's of glutamate and a-o-glutarate in the

control hearts.

Thus neither the S.A. of a-o-glutarate nor the S.A.

of glutamate determined in these experiments seems represent¬

ative of the Krebs cycle pools.

D.2.9 Conclusions

(1) An estimate can be made of the rate of the TCA

cycle (about 1*5 |imoles/min./g.) from the change in glycogen

content, the glucose uptake and the oxygen uptake.

(2) The pool system model required to describe the metabolism

of pyruvate in the rat cardiac cell is not as simple as

investigations using broken cell techniques might suggest.

(3) In order to account for the observed S.A. of tissue

pyruvate it is necessary to postulate at least 2 pools of

tissue pyruvate. Since only one of these pools is related

to lactate it becomes necessary also to postulate locali¬

sation of lactic dehydrogenase.

(k) A model has been proposed to account for the observed

exchange of tracer between pyruvate in the perfusate and a
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precursor in the tissue. This precursor may be lactate

or a highly labelled tissue pyruvate pool but is not the

whole tissue pyruvate pool.

The rate at which pyruvate enters the perfusate

must decrease with time. Thi3 decrease is proportionally

greatest in the control group and least in the growth

hormone group (Table D.1+.). The rate of entry into the

perfusate is significantly higher at the start of the tracer

experiment in the insulin group.

(5) The alanine S.A. is higher than the S.A. of tissue

pyruvate at 60 minutes and is consistent with a precursor

pyruvate pool with a S.A. equal to the calculated S.A. of

acetyl.

(6) It has not bean possible to propose an exchange model

which accounts for the observed behaviour of the chemical

pools of lactate and perfusate pyruvate over 0-60 minutes

of perfusion. Thus it has only been possible to assign a

minimum value to the rate at which lactate is formed and

oxidised. The minimum rate is equal to the observed rate

of loss of llb from the lactate pool.

The rate at which the tissue pyruvate pool, labelled

from lactate, undergoes decarboxylation to acetyl can be

assigned a range of probable values within which the true

rate must lie. The value cannot be less than the minimum

rate of flux from lactate nor greater than the maximum

rate of oxidation of acetyl in the TGA cycle. The rate

of acetyl oxidation is given by the oxygen uptake since
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during rat heart perfusion no appreciable accumulation of

TGA cycle intermediates (Bowman, 1966) or of glutamate or

aspartate have been observed (Bowman, 1966; Ottaway, 1969).

(7) It is possible to propose a flow through model for

lactate which would fit the experimental data. This model

is, however, not consistent with evidence that (relatively

high concentrations of) pyruvate added to the perfusate lead

to the formation of lactate in excess of that which could

have come from glycolysis. The assumption on which this

model is based is open to direct experimental test, but

this has not yet been carried out.
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E General Discussion

The aim of this final section is to consider what

has been learned aoout the metabolism of the rat heart by

the use of a tracer kinetic method. In particular the

implications of the models which were studied will be

discussed in relation to the metabolism of the intact cell.

E.l The Gross-Section Technique

The design of a tracer experiment to measure the

rates of reactions in the intact cell requires a good model

for the relationships between the pools of metabolites.

This is true whether a serial sampling or a cross-section

sampling procedure is enployed. The experimental method

should then yield, in as few experiments as possible, data

good enough to test the model and, (if it fits), to supply

reasonably preoise values for the rates.

The application of a cross-section technique in

which the specific activity of all the pools was measured

once, and that of the more accessible pools (perfusate

pyruvate and lactate) was estimated at 2. or more times

after initial labelling, led to fairly stringent requirements

which a model had to meet to be acceptable.. Thus in a

relatively small number of tracer experiments it has been

possible to rule out the simple models suggested by infor¬

mation about metabolism derived only from broken cell

experiments. These data have been used to examine other

possible models, and from the models it has been possible

to suggest further experiments to elucidate metabolic
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relationships in the cell.

In some of these further experiments, serial obser¬

vations of the tracers may be more appropriate than the

cross-section technique. For example, the perfusate pyruvate

and lactate specific activities were only determined at two

times in the 0-20 minute experiments when the shape of the

S.A. curves might have been more useful in testing the model

(D.2.5).

However the cross-section technique applied to tracer

studies in the intact cell appears to have been successful

in narrowing the choice of model which is capable of

simulating the data and thus it is to be recommended as the

initial step in any similar investigation.

Since no estimates of the precision of any of the

parameters derived in the modelling studies have been

obtained it is not possible to gauge the efficiency of the

cross-section technique in this respect.

a.2 Boundary Fluxes

The rates at which material enters the pool system

from hexose, and leaves It for the mitochondrion were

deduced without the aid of tracers. The estimate of the

rate of oxidation of acetyl units in the tricarboxylic acid

cycle in particular has proved a very useful guide in de¬

veloping models which might fit the data.

The values deduced for the rate of pyruvate decarbo¬

xylation and the rate of fatty acid oxidation (Table D.2,

page 207 ) a1*® Interesting. They suggest that insulin
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initially stimulates fatty acid oxidation prior to changing

over to complete carbohydrate oxidation. Whether all the

fatty acids in the insulin group of hearts had been used

up by 30 minutes is unknown. No direct estimates were made*

and the published work on the point is unreliable, since

estimates of the fatty acid content of hearts from fasted

rats vary over an 80 fold range: Oarland and Handle (196)4.)

found about 1*1 pmoles of 2-carbon units of FFA + fatty

acyl CoA after 15 minutes perfusion in the presence of

insulin; Kraupp et al. (1967) report 80 praoles 2-carbon

units of FFA in hearts from fasted rats frozen in situ (olood

level about 5 pmoles acetyl units/ml.)
It is possible that one effect of insulin is to

switch triose units to the outer pyruvate/lactate compartment

where the pyruvate is (temporarily) lost to the heart, and

the observed increase in fatty acid oxidation is a secondary

consequence of the relative lack of acetyl units from carbo¬

hydrate.

In the presence of growth hormone the fatty acid

oxidation at both the start of the perfusion and in the

30-60 minute period is higher than in the control group.

These results agree with many in vitro and in vivo observations

that growth hormone causes a decrease in the R.Q. in both

tissue slices and the whole animal (Ketterer et al., 1957).
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Pi,?. E» 1

Schematic Diagram of extranuclear compartments in a

muscle cell. Reproduced, from H.Brandau & D.Pette,

Enzymol. Biol. clin. 6^ 123, (196b).
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E.3 Intracellular CompartmentatIon

[■^C] lactic acid is oxidised via pyruvate: but the

modelling studies have shown that the S.A. of the measured

tissue pyruvate was not high enough to account for the loss

of X^C observed. Therefore it is deduced that the tissue

pyruvate must exist in at least two pools, one highly laoelled

and the other virtually unlabelled. Since lactate exists

as a single pool, a consequence of this deduction is that

lactic dehydrogenase must be localised in the cell. There

Is some support in the literature for such an idea. Pette

and Brandau (1962) developed a procedure for the visualisation

of dehydrogenases, and in particular LDH. This depends ou

an artificial electron-accepting system suspended in a gel

which leads to the reduction of a tetrazolium salt. The

gel is applied to longitudinal sections of muscle. Brandau

and Pette (1966) applied this technique to slices of locust

flight and leg muscle. The coloured formazan, denoting

presence of enzyme, was observed to be formed in definite

bands which corresponded exactly to the isotropic zones of

the muscle. Pahirai and Amarasingham (196(4.) using a similar

method for LDH found narrow double bands of stain In sections

of rabbit skeletal muscle. These bands corresponded to the

I-bands in the muscle separated by the Z-disc. The mito¬

chondria did not stain. Fig. E.l reproduces the schematic

diagram of Brandau and Pette (1966) postulating 3 extra-nuc¬

lear compartments; in the I-band (A), the 'interfibrillar

space* (B) and the mitochondria (C).
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Table E.l

LP pool size as % of total tissue pool

Control Inaulln G.H.

At maximum S.A. 25 12 7

At minimum S.A. 50 18 12
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Amberson et al., (1961|) separated a 'press juice*

from rat heart homogenates by prolonged untracentrifugation

at 105*000 g.and found that 93$ of the LDH activity was in

the solid phase. Thus there is reasonable evidence from

the cytochemical studies that LIE is confined to the I-band

region of skeletal muscle*and the report of Amberson et al.,

suggests that this may also be true for the cardiac cell.

If this is so, the highly labelled intracellular pyruvate,

which must be formed directly from lactate, must be produced

in the I-band.

On the basis that the actin (I-band filament) is

about 11$ of the aotomyosin protein (Finean, 1967) one might

expect that, in the simplest case, the volume of the cell

I-band pool would be about lk% of the extramitochondrial cell

volume. Thus assuming a negligible intramitochondrial

pyruvate pool, the I-band pyruvate would be about 1.1$ of

the total pool. This compares reasonably with the estimates

of the LP pool size deduced for the hormone cases (cf. control)

assuming that all the tissue pyruvate radioactivity was in

the LP pool. These values for the upper and lower S.A.

limits that LP can have are set out in Table D.5 (page 236)

and the pool sizes as percentages of the total tissue pyru¬

vate pool are shown in Table E.l. This would imply that

in the presence of the hormones, the pyruvate is evenly dis¬

tributed throughout the cytoplasmic space.

However, it has been calculated that lactate can

diffuse in the cell at the rate of the order of 100|jmoles/min.
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(A.8). On the face of it, there is nothing to stop the

highly labelled pyruvate from diffusing as fast as soon as

it has formed, and completely obliterating any differences

in S.A. The experimental results suggest therefore that

not only is LDH localised but that a very effective intra¬

cellular barrier to pyruvate diffusion exists.

It is difficult to envisage this barrier as a

membrane bounding an I-band compartment, because the actin

filaments of the I-band interdigitate with the myosin fila¬

ments of the A-band, and, during contraction, the area desig¬

nated the I-band compartment in Fig. E.l becomes smaller

until, in the fully contracted position, the ends of the

myosin fibrils (A-band) approach the Z-diso (see Fisher and

Muir, 1968).

An alternative suggestion would be that the I-band

pyruvate does not diffuse, not because it is contained

behind a membrane, but because it is bound by some means

and not free to do so. What the binder could be and

whether sufficient of it exists to bind all the I-band

pyruvate are questions which cannot be answered from the

available evidence.

The mitochondria in cardiac muscle have been shown

by electron micrography to lie along the length of the myo¬

fibrils (see e.g. Klingenberg, 1961,.). This means that the

I-band pyruvate must cross to the mitochondria without

mixing with the remainder of the cell pyruvate pool. It is

possible that a method of doing this is provided by trans¬

amination of the I-band pyruvate to alanine and this will



Fif-. E.2

- 266 -

PP

2

L

PP



- 26? -

be discussed below.

There was no suggestion in cytochemical studies

that LDH is located in two separate areas of the cell.

This has a bearing on the exchange of perfusate pyruvate

(PP) with either lactate or I-band pyruvate (IP). If one

assumes that an exchange model holds (see E.6) and all the

LDH is in one compartment, it is not possible to have a

model in which PP exchanges with lactate distinct from the

exchange of lactate with IP (Pig. E.2.1). Thus the

situation must be as Pig. E.2.2 with IP as the precursor

of perfusate pyruvate.

Against the assumption of one pool of LDH might

be set the fact that LDH exists as isoenzymes. Although

the kinetic distinction in vivo between the different forma

may be in doubt (A.Page 20), it is possible that I-band

LDH is sub-compartmented and that for example one of the

forms is embedded in the cell wall and reacts only with

pyruvate in the perfusate. However the logical extension

of assigning a separate isoenzyme to each of two compartments

is that there are five I-band compartments for which there

is no other evidence.

An apparent difficulty of the double-pyruvate-pool

model which has been proposed is to explain how the I-band

pyruvate and the perfusate pyruvate pools are in contact,

while the other cytoplasmic pool of pyruvate is clearly

not in contact with the perfusate. This difficulty becomes

less acute when current detailed models of the structure of

the cardiac cell are examined (e.g. Fisher and Muir, 1968).
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Fig. E. 3

Diagram of a Cardiac Cell

(Courtesy of Professor A.R.Muir)
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Electron micrography has shown that the sarcolemma is not

confined to the surface of striated muscle cells but that

tubules of plasma membrane leave the sarcolemma and pass

close to all the myofibrils. These T-tubules, as they

are called, are spatially related to the cross-3triations

and enter at the level of the Z-disc in cardiac muscle

(Pig. E.3). The impulse to contract is thought to spread

along these T-tubules and thus to permeate the whole cell.

If the heart cell i3 impermeable to pyruvate except via

the T-tubules, pyruvate in the perfusate would exchange

directly with the I-band compartment.

E.k The Perfusate Pyruvate Pool

A model has been suggested to describe the exchange

of perfusate pyruvate with an intracellular precursor.

For this model to apply the output of pyruvate to the

perfusate must decrease with time (D.2.ij.). Since the tissue

pyruvate (and lactate) pool sizes stay constant this suggests

a transport process which works more slowly as the perfusion

proceeds. The fact that prolonged preperfusion does not

change the perfusate pyruvate time-course (C.1.1.2) indicates

that this decrease in pyruvate output with time is related to

perfusate age and not heart-preparation age. That is that,

rather than the decrease being due to loss from the heart of

some essential constituent which facilitates pyruvate output,

it is due to accumulation in the perfusate of some Inhibitor
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of pyruvate transport. It is not possible without further

experiment to suggest what this substance might be although

it is pertinent to note that addition of free fatty acid

on albumin has been f :>und to abolish the appearance of

pyruvate in the perfusate; albumin alone has no effect

(W.H. Gardiner, unpublished results).

The rate of output of pyruvate was influenced by

the presence of hormones; it was higher in the presence of

insulin and slows down less rapidly in the presence of

growth hormone (Table page 228).

It has been suggested that, in liver, the [lactate]/

[pyruvate] ratio is directly proportional to the cytoplasmic

[NADK]/[NAD+] ratio (Hohorst et al«, 1959, Williamson et al.,

1967)• It has been shown that the same [lactate]/[pyruvate]
ratio as in liver3 exists In fluids which readily exchange

solutes with the liver cytoplasm, such as blood (Huckabee,

1958) and perfusion medium used in experiments on isolated

rat liver (Schimassek, 1963). Since the intracellular

lactate and pyruvate concentrations in hearts perfused under

identical conditions to those used in this study have not

been observed to change during the perfusion period

(Gardiner, unpublished results) while the perfusate [lactate]/
[pyruvate] ratio changed strikingly as the perfusate

[pyruvate] varied (C.l.1.2), it would appear that, with

heart at least, the perfusate [lactate]/[pyruvate] ratio is

no indicator of the intracellular ratio. Moreover, the

facts that the equilibrium [lactate] and the rate of loss of

from lactate were not different in both control and growth
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hormone hearts would indicate a similar rate of operation

of LDH in both cases and thus suggest a similar effective

[HADH]/[NAD+3 ratio. However, since the tissue pyruvate

pool size is markedly different in these two groups of

hearts (Table C.26, page 183), it would seem that the intra¬

cellular [lactate]/[pyruvate] ratio may not be an indicator

of the cytoplasmic [MADH]/[NAD+] ratio in heart. This is

consistent with the suggestion that part of the total tissue

pyruvate pool in cardiac muscle does not have access to LDH.

E.5 The Alanine Pool

Glutamate oxaloacetate transaminase (GOT) activity

has been reported in both the mitochondrial and cytoplasmic

fractions of rat liver and heart (Ozok and Biioher, I960;

Pette et al., 1962j Araberson et al., 1961+). The intra¬

cellular distribution of glutamate pyruvate transaminase

(GPT) in rat liver appears to be both cytoplasmic and mito¬

chondrial (Hopper and Segal, 196^) and thus it might be

expected that GPT would have a similar distribution in heart.

GPT activity has in fact been reported in a 10,000 g

supernatant from rat heart homogenate (Hopper and Segal, I96I4.) j

and isolated mitochondria from rabbit heart have been

observed to metabolise f^c]pyruvate to alanine (Von Korff,

1965). These results would tend to confirm that GPT

exists both in the intra- and extra-mitochondrial spaces.

In the experiments reported here the S.A. of
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alanine was significantly greater than that of the total

tissue pyruvate (Table C.26 page 183). This implies that

either only a portion of the total pyruvate pool has access

to the transaminase o" that the rates of transamination of

pyruvate in the two intracellular compartments (corresponding

to the two pyruvate pools) are not proportional to the amounts

of pyruvate in the compartments (as would happen if the

enzyme or glutamate were unequally distributed). In fact,

the S.A. of alanine is in fair agreement with that calculated

for the acetyl pool (D.2.7).

If all the pyruvate is oxidised via the I-band pool

i.e. this pool has the minimum S.A. consistent with the
*1 i

observed loss of from lactate, then the S.A. of this

I-band pyruvate would be approximately the same as that of

acetyl. The localisation of GPT in the I-band with access

only to the I-band pyruvate pool would explain the observed

alanine S.A. Against this interpretation is the conclusion

drawn from the 0-20 minute experiments that the I-band pool

of pyruvate (as It seems reasonable to refer to the highly

labelled intracellular pyruvate pool) has a S.A. considerably

higher than the predicted minimum value (D.2.5).

It was pointed out in section E.3 that a difficulty

exists in visualising how the highly labelled pyruvate in

the I-band traverses to the mitochondria without mixing

with the remainder of the intracellular pyruvate pool. A

method by which this might be accomplished is perhaps

offered by transamination of the I-band pyruvate to alanine

and the migration of the alanine to the mitochondria (Fig. E.i^).
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In order to balance what would be a net flux outward of

a-oxo-glutarate as pyruvate is transported in, the scheme

involves also the cytoplasmic and mitochondrial GOT and

malic dehydrogenases. This latter enzyme is thus made to

transport the cytoplasmic NADH (from glyceraldehyde-3-phos-

phate dehydrogenase) into the mitochondrion (see Chappell

and Robinson, 1968). It is pertinent to note that

glyceraldehyde-3-phosphate dehydrogenase is localised in

the I-band (Brandau and Pette, 1966) and that 83/u of the

GOT activity of rat heart homogenate has been found in the

particulate fraction after prolonged centrifugation at

105*000 g. (Amberson et al., 19614.). Malic dehydrogenase

however has been reported to be in the intrafibrillar space

(Brandau and Pette, 1966).

It is not clear whether the remainder of the cell

pyruvate is also transaminated before being oxidised in the

mitochondria. If all the pyruvate were not transaminated,

the mechanism shown on Pig. E.U would result in a net loss

of a-oxo-glutarate from the cytosol unless a separate

mitochondrial "transporter" exists in heart for this metabolite

as is postulated for liver and kidney mitochondria (see

Greville, 1968). However, it appears that more pyruvate

is decarboxylated than NADH is produced by glycolysis In the

30-60 minute period (D.2.1), and if this is so the strict

co-ordination of pyruvate and NADH transport depicted in

Pig. E.ij. cannot hold.

Surprisingly little work has been reported on

pyruvate transport into the mitochondria. Von Korff (1965),
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working with isolated mitochondria prepared from rabbit

heart, found that the oxidation of pyruvate to acetyl co¬

enzyme A was not rate limiting and exceeded the ltrebs cycle

rate as a whole, leading to the formation from pyruvate of

acetoacetate, acetate and p-hydroxybutyrate. This worker

also reports, however, that alanine was consistently formed

when pyruvate was a substrate.

This model does not explain the net synthesis of

alanine found (C.l.1.6). This may be connected with the

hydrolysis of glutamine which has been observed to occur

during rat heart perfusion (Ottaway, 1969). The liber¬

ated from the glutamine was not observed to leak into the

perfusate, and Ottaway (1969) has suggested that it is

possibly incorporated into a-oxo-glutarate by reductive

amination. The glutamate so formed transaminates with

pyruvate to give a net increase in the alanine pool. Although

Ottaway estimates the rate of the glutaminase reaction to

be about 0*01 (imole/minute whioh is insufficient to account

for the rate of alanine appearance observed (0.1.1.6), Trush

(1963) has reported a rate more than ten times greater than

this.

E.6 An Exchange Model for LDH

Pig. E.5 depicts a model for the system in which

the lactic dehydrogenase reaction is reversible. In the

modelling section, it was shown that this model could not

apply over 0-60 minutes if reaction were held constant.
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because, as the perfusate pyruvate pool changes in size,

so too must the LP pool, and the size of the lactate pool

changes a3 a consequence. This is contrary to the

experimental observations. For L to remain constant in size,

LP would have to remain constant although PP varies. Since

the total tissue pyruvate pool size remains constant one

can writes-

a = g + h

h + e = d + f

,\ h = f + (d - e)

Galling (d-e)= A PP,

this means that g = a - f - APP (1)

Now since LP and VP are constant in size it is reasonable

to expect that g and f will be constant, and, since a is

constant, from (1) A PP is constant which is not so.

Thus if an exchange model is to hold, g and h (also

f) must change in a manner complementary to A PP. Also

since e is constant, then b must change also.

So the exchange model demands that a co-ordinated

system for all the effluxes from the pyruvate pools exist

except for the output to lactate. But for this last

condition, these could all be met by variations in LP and

VP (even though LP + VP = constant).

The underlying assumption here is that all the rates

of transfer are proportional to reactant concentrations: but

if an enzyme is saturated with substrate this need not be

true. Particularly, if LDH were saturated with pyruvate,

the reaction rate would depend on the NADH concentration

and thus the pyruvate pool might vary in size without affecting
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the lactate concentration. The apparent Michaelis constant

of LDH is about 0*1 mM for pyruvate (Sols, 1968) and although

it is difficult to gauge the effective concentration of

pyruvate at the enzyme it seems unlikely that LDH will be

saturated with pyruvate. This applies especially in the

growth hormone hearts where the I-band pyruvate pool has

been estimated to have a size between 0*002 and 0*00ij. pmoles/

g. (Table D.5 page 236) and since the loss of counts from

lactate is similar in the control and growth hormone groups

it might be expected that the same mechanism for lactate-

pyruvate exchange would apply in both cases.

E.7 A Plow-through Model for Lactate

It was suggested in section D.2.6 that if lactic

dehydrogenase in the heart were effectively unidirectional

from lactate to pyruvate then the observed changes in the

size of the perfusate pyruvate pool (and corresponding

changes in the I-band pyruvate pool) could take place \fithout

their being reflected in the size of the lactate pool.

Consider Pig. E.6. The fact that lactate loses

radioactivity but maintains its pool aize requires an

explanation since the only possible precursor of lactate

is pyruvate. Thus one has to postulate two conditions:

that lactate is produced from an unlabelled pool of pyruvate

by an iri'eversible reaction and is then re-oxidised irrever¬

sibly to form the labelled (I-band) pool. A possible way

in which this could occur is if pyruvate kinase (PK) is
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complexed to LEU (Pig. E.7) in such a way that pyruvate is

bound to LDR as soon as it is released from PK. Such enzyme

complexes have already been described in the literature.

Green et al., (1965) have claimed to isolate a multienzyme

aggregate of all of the glycolytic enzymes from red cells

arid from yeast; and Lynen et al., (1967) have prepared from

yeast what appears to be a seven-enzyme complex which carries

out fatty acid synthesis.

Pette et al., (1962) have examined the levels of some

enzyme activities in many tissues and have found that certain

enzymes always show constant activities relative to one

another. This constant proportion group includes triose

phosphate isomerase (EC 5»3»1.1), Glyeeraldehyde-3-phosphate

dehydrogenase (GAPDH;. EC 1.2.1.12), phosphoglycerate kinase

(EC 2.7.2.3), phosphoglycerate rautase (EC 5*4*2.1), enolase

(EC ij..2.1.11), and probably also aldolase (EC 4«1«2.13) and

pyruvate kinase (EC 2.7.1.40) and suggests that these enzymes

are under common genetic control and may exist as a unit

in the cell. Moreover, several laboratories have provided

evidence for co-operative effects in solution between some

glycolytic enzymes independently of their effect on product

removal. Baranowski and Niederland (1949) showed that a

crystalline protein from rabbit muscle (myogen A) which

migrates as one component in an electric field,in fact

contains aldolase, glycerolphosphate dehydrogenase (EC 1.1.

99.5) and other protein. Gulyl et al., (1962) showed that

aldolase activity is enhanced by the addition of GAPDH in

the absence of NAD+, and by the addition (separately) of

enolase. The addition of solutions of those enzymes to an
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aldolase solution results in markedly increased turbidity

of the mixture solution suggesting complex formation

between the enzymes. Sereda (1963) showed that glycerol-

phosphate dehydrogenase increases aldolase activity in the

absence of coenzyme; and that this activation can be

reduced by urea in concentrations which do not inhibit

aldolase activity. This effect of urea is interpreted as

inhibition of complex formation between the enzymes. Also,

Kwon and Olcott (1963) confirmed the work of Gulyi et al.,

(1962) that aldolase could be activated by GAPDH and showed

that this activation depends on the native structure of the

GAPDH. If NAD* and arsenate were added, the activity of

aldolase could be further stimulated. No attempt appears

to have been made in these experiments to ensure that the

purified dehydrogenases added as activators contained no

bound NAD , but the results suggest that an association of

these enzymes in the cell is a possibility.

If PK and LDH were to co-operate it would be possible

for lactate to be oxidised but the pyruvate so produced

would not Join the precursor pool. In such a model the

rate of production of lactate is postulated to depend on

[NADH] and [ADP] (because of the requirements of PK). The

rate of removal of lactate (see below) would depend on [NAD J,

so that "respiratory oontrol" would still exist.

It is not necessary to postulate that all of the PK

is complexed to all of the LDH, but there are certain

constraints. If there is any free PK it must be outside

the I-band and any free LDH must be within the I-band com¬

partment. Since a cold pyruvate pool exists outwith the
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I-band, it ia possible that two pyruvate kinases may

exist. In faot, two pyruvate kinases which have different

electrophoretic mobilities, and immunochemical and enzymic

properties have been observed in rat and mouse liver

(Tanaka et al., 1967; Rozengurt et al., 1%9)» A crude

extract of heart showed only one band of PK activity in

the electrophoretic system which displays 4 bands from

liver extract, though it is possible that another cardiac

PK enzyme if it were bound to the myofibrils (in the I-band

for instance) would have been removed with the cell debris.

This could be tested by experiment relatively easily.

The lactate produced in the PK/LDH complex must

now be capable to irreversible oxidation to pyruvate

(Pig. E.6). It has been found that conversion of pyruvate

to lactate by LDH-1 (the isoenzyme of LDH predominant in

heart) is strongly inhibited by relatively low levels of

pyruvate and the suggestion has been made that the heart

enzyme functions mainly in the oxidation of lactate (Kaplan

and Goodfriend, I96I4). However the evidence of Vesell

(1965) indicates that the differences in enzymic function

observed between the isoenzymes may be artifactual ones

produced by non-physiological conditions. It is possible

that the inhibition of LDH by pyruvate is much greater in

vivo in the intact cell, but the fact that rat hearts

perfused with medium containing 2*5 - 10 mM pyruvate produce

lactate (Williamson, 19614.; Evans et al., 1963) suggests

that this is less likely.

Other possibilities are unavailability of pyruvate
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or of NADH to the enzyme. If the LDH were also complexed

with glutamate pyruvate transaminase (GTP) as depicted in

Pig. E.8 then the pyruvate produced from lactate would be

converted to alanine. Glutamate oxaloacetate transaminase

has been shown to be bound in rat heart (Amberson et al.,

196i+) and so one might speculate that GPT is also bound.

An investigation of the sites of these transaminases with

a technique similar to that of Brandau and Pette (1966)

for dehydrogenases (say using glutamine synthetase to produce

a hydroxaraate from glutamate) might be possible.

This model would also have to account for the obser¬

vation of a labelled tissue pyruvate pool. Thus the

labelled intracellular pyruvate pool would have to consist of

bound but unreacted pyruvate. GPT is a possible binder,

though the apparent Kffl of 0*9 mM, (Hopper and Segal, I96I4.)
would suggest that this enzyme is not very efficient in this

respect. LDH with an apparent of 0*1 mM for pyruvate

would seem able to compete favourably with GPT for available

pyruvate. Thus it appears more likely that the apparent

irreversibility of LDH could be due to lack of NADH, and

Fig. E.9 depicts a model in which lactate dehydrogenase only

has a limited pool of coenzyme and the Influx of PEP drives

the sequence towards pyruvate production. It is pertinent

to note that Brandau and Pette (I960) suggest that glyceralde-

hyde-3-phosphate dehydrogenase (GAPDH) is localised in the

I-band also so that unless the NADH produced in the GAPDH

reaction were not available to LDH (and cytoplasmic malate

dehydrogenase is apparently not in the I-band to remove NADH,
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Brandau and Pette, 1966; see Pig. E.l, page 261) the model

in Pig. E.9 could not hold.

The crux of the problem would appear to be the

distribution of coenzyme between the different dehydro¬

genases and some insight into this problem might be gained

with a simulation of the NAD+ and NADH pools using models

of the enzymes similar to those used by Garfinkel (e.g.

Garfinkel and Hess, 1961+).

E.8 An Bnzymic Shuttle Reaction

One possibility which has not been discussed, and

which introduces an added complication, is that lactate and

pyruvate might exchange by an ensymic shuttle reaction in

wMch NAD and NADH are not released from the enzyme.

Pig. E.10 depicts the compulsory order mechanism which has

been proposed for LDH (Schwert and Winer, 1963; Silverstein

and Boyer, I96I4.). If the enzyme were to shuttle between

stages (I) and (II) then lactate and pyruvate would exchange

counts and the reaction would be virtually independent of

the coenzyme. This is equivalent to an exchange model

between lactate and pyruvate in which although the rate of

exchange would vary if the I-band pyruvate pool size varied

there would be no net production or removal of lactate.

The extent to which this shuttle reaction might

exchange ^0 between the pyruvate and lactate pools in vivo

would depend on how rapidly other systems removed the NASI

(not very much more tightly bound than pyruvate, Schwert and
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Winer, 1963) and on how much of the available pyruvate was
Pyr

bound in the dead end Enz complex (Winer, 1963).
NAD

The experiment proposed in section D.2.6 to test

the effective reversibility of LDH by adding ["^o] pyruvate
to the system and assaying the lactate pool for radioactivity

would indicate whether this shuttle mechanism merits further

consideration.

E,9 Conclusions and Prospects

No study comparable to this one appears to have been

reported in the literature. Evans et al., (1963) have

perfused rat hearts with medium containing [*^C] pyruvate

but no glucose. These workers observed that more lactate

was produced than could be accounted for by glycogen break¬

down but they did not determine whether there was any "^C
in the lactate. Using hearts from fasted rats Evans et al.

perfused with [1-^C] pyruvate at an initial concentration of

5 mM (dropping to 1*5 mM during the experiment) and, from

the collected ^CO^, estimated the rate of pyruvate decarboxy¬
lation to be 1*35 |imoles/minute/g. wet weight. This

compares well with the rate of oxidation of acetyl units

(1*32 pmoles/min./g.ww) calculated from the total 00^ pro¬
duction that they found, and agrees with the findings in

this study in the 30-60 minute period, that rate of oxidation

of pyruvate to acetyl equals the rate of oxidation of acetyl

in Krebs* cycle (section D.2.1).
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The minimum value deduced for the rate at which

lactate is oxidised in the presence of insulin (D.2.9,

page 253 )is 80$ higher than the minimum possible rate in

the control hearts. This minimum rate in the presence of

insulin represents 70^ of the triose influx to the mitochondria,

whereas the minimum rate in the control hearts only represents

\\0% of the triose oxidation rate. That is, the minimum

rate at which the I-band pyruvate pool undergoes decarboxy¬

lation is higher in the insulin hearts and it may be that

this reflects a greater flow of glycolytic carbon through

the I-band pools in the presence of insulin. This would

agree with the suggestion made in section E.2 from consider¬

ation of the boundary fluxes, calculated from the oxygen

uptake and net disappearance of trioae, that insulin switches

triose units to the I-band perfusate compartments. Since

perfusate pyruvate appears to gain access to the cell via

the I-band, it is interesting to note in this context that

Williamson (I96I4.) found that insulin increased the rate of

pyruvate uptake in hearts from fasted rats perfused with

medium containing 10 mM pyruvate as the sole oxidisable

substrate.

It seems feasible that, since the major purpose of

the heart cell is to accomplish muscular contraction, some

mechanism might exist to ensure that the myofibrils and in

particular the I-bands, which are the sites of the contraction

process (see PIsher and Muir, 1968), get preference in the

supply of ATP energy. The channelling of glycolytic flow

through the I-band, especially if this involves ATP production
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from pyruvate kinase, may be such a mechanism. The results

presented here, although very circumstantial, suggest that

insulin might increase the direct contribution of energy

from glycolysis to the contraction process.

The equilibration of the specific activities of

a-oxo-glutarate and glutamate, which was observed only in

the presence of Insulin, suggests that transaminase

activity is stimulated in the presenoe of insulin. If a

mechanism of the sort suggested in (Fig. E.1+, page 272)

exists to transport pyruvate and NADH to the mitochondria

then increased transaminase activity would result from the

increased glycolysis observed in the presence of insulin.

Growth hormone appears to reduce the contribution

of total triose to the mitochondria but not the flux of

triose through the I-band pools as Judged by the rate of

removal of from lactate.

The S.A. of alanine at 60 minutes in the G.H. hearts

is of the order calculated for acetyl, and the glutamate S.A.

is of the same order as in the control. However, the

startling result is the low S.A. of a-oxo-glutarate compared

to the S.A. of glutamate. This contrasts sharply with the

values found in the control group of hearts (see Table D.7

page 251). This low specific activity of a-oxo-glutarate to¬

gether with the fact that, in these hearts, a-oxo-glutarate was

detected in the perfusate (D.2.3.3.6) suggests that the cyto¬

plasmic pool of a-oxo-glutarate may be larger in the presence

of growth hormone, and that it turns over more slowly (or a

part of it does) than in the absence of growth hormone.
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It ia difficult to judge from the available

data* whether or not this low a-oxo-glutarate S.A. could be

compatible with the pyruvate and NADH transporting mechanism

proposed in Fig. E.4, page 272, especially in view of the

fact that gxutamate S.A. is higher than that of a-oxo-

glutarate. Additional experiments in which the pool sizes

and S.A.'s of glutamate, aspartate, a-oxo-glutarate and

raalate are measured might provide information about the

activity of GOT and allow models of the malate "shuttle"

to be tested.

The application of a tracer method to measuring

intracellular rates in the intact cell requires a good model

for the pools system which exists in the tissue. The pools

system which was thought to describe the reactions of

pyruvate in the cardiac cell is inadequate for this purpose.

The results from this tracer study suggest

that there is a high degree of intracellular ox^ganisation.

The situation is analagous to that in which earlier workers

with this method (see references, pp. 12 and 13) have found

themselves viz. with a prediction that a certain number of

pools may be involved in interactions with some measured

pool or pools but with only tenuous evidence in many cases

to suggest what these pools represent at the molecular

level. However some efforts have been made to try to pre¬

dict from the tracer results what the organisation in the

muscle cell might be and what is now required is sorae work
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to test the possible existence of the complexes suggested.

The method of Pette and Brandau (1962) offers one way of

doing this. Another approach would be to attempt to

isolate fragments from the cell in which the enzymes were

still held together and, if this were successful, to study

the properties of these complexes.

Finally, it may be said that a tracer kinetic

method has proved a stringent test of a hypothesis about

the functioning of some reactions in carbohydrate metabolism

in the intact cell and its application to other suitable systems

(see A.l±) seems capable of yielding information unavailable

by any other method.
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