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" ARSTRACT

A perfused heart preparation was studied in which

oxygenated Krebs-Henseleit buffer introduced into

the left atrium was pumped by the heart via the aoxria
against a pressure of 100 cm H20,4the heart thereby
performing mechanical work. - Preparations Stabie ‘
over periods of three hours were obtained. Comparisons

with sortic perfused (Langendorff) hearts were nade .

Working hearts recovered from anoxia provided glucose
was present during anoxia and glucose or pyruvate were

available during reoxygenation.

Increased aortic pressure in Langendorff hearts and
performance of work by atrially perfused hearts both

increased oxygen tonsumption, the uptake and oxidation

of glucose--U—Cl4 and glycogen turnover, but not lactate

production.

Glucose oxidation accounted for 40% of respiration of
both Langendorff and working hearts ihitially but rose

to 805 after 45 mins of work.

Work decreased cardiac G6P, F6P, ATP and phosphocreatine

and incressed FDP_and AlTP,
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Insulin increased glucose uptake and 6xidafion, lactate
production and glycogen formation'from glucose in
working and Langendorff hearts without affecting oxygen

consumption. These effects of insulin could not be

reproduced by incréasing the extracellular glucose

concentration.

Glucose metabolism by perfused hearts was reduced by

removal of endogenous insulin with anti-insulin serum.

A specific insulin deficient hypefglycaemia was observed -

in rats 7 days after 65 ng/kg i.v. of streptozotocin.

Langéndorff hearts from streptozotocin diabetic rats
and anti-insulin treated rats showed decreased glucose

uptake and oxidation which was restored to normal by

‘heart work.  Reduced incorporation of glucose into

giycogen was observed in both working and Langendorff
hearts from streptozotoecin and alloxan diabetic rats,
but was restored by insulin only in the sfreptozo%ocin,

diebetic hearts. Instlin failed, however, to stimulate

glucose oxidation by streptozotocin diabetic working hearts.

Cardiac G5P and citrate were reduced in streptozotocin
diabetic hearts whilst pyruvate wag increased. Even
higher pyruvate accumulation was observed in alloxan

diabétic hearts.
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Abbreviations

The folldwing.abbreviations havé been usedi-

ATP
wp =
AMP =

Pi =

CrP’ =

NAD &

NADP &

FFA =

. G6P =
F6P =
FDP
L/P

"

1l

aGP/DHAP

adenosine-5'~-triphosphate;

'adenosihe-S'—diphosphate;

adenosine-5'-monophosphate;
inorganic phosphate; |
creatine phosphate or phosphocreatine;

NADH2 - = oxidised and reduced forms of
nicotinamide-adenine dinucleotide;

-NADPH2 = oxidised and reduced forms of

nicotinamide-adenine dinucleotide
phosphate;

free fatty acids or unesterified fatty acids
or nonesterified fatty acids (NEFA);
glucose-6-phosphate;
fructoée-smphosphate;
fructose 1,6~diphosphate;
ratio of concentrations of lactate and pyruvate;
= 1ratio of coacentrations of

a-glycerophosphate and
dihydroxyacetonephosphate.
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The Effects of insulin and insulin deficiency on

‘the;patfern of metabolism of perfused rat heart

INTRODUCTION

iThe importance of insulin in the regulation of glucose
‘uptake in muscle tissue is reflected in the published litera-
ture which éonﬁains a variety of éxPérimental techniques
désigned to throw 1ight on the control o£ glucose uptake _
_and its utilisation. The most direct of these employ isolated
preparatio;é,éf intact nuscle.such as the rat dizphragm (Gemmill,
.'1940) and heart (Bleechen and Fisher, 1954), the.frog sartorius
muscle (Hegnauer end Cori, 1934 or the.rat gastrocnemius in situ
(Iundsgaard, 1939). Isolated preparationé have the advantage
of allbwing close control of experimental vériables and can
vield relatively precise nmeasurements but the conditions are
often unphysiological.  The isolated perfused rat heart prepara—~
vtion.has severalAparticulaf advantages for biochémical studies.
- These arec:-
1. The muscle fibres zre intact so that it is possible to
'_distinguish between membrane transport processes and

diffusion artifacts introduced by cut edges, as found,

for example, in the usual diaphragm preparation.
2o The extracellular diffusion of substrates and hormones

from the medium to the cells is véry raﬁid since all

- sUbstrates penetrate the tisnue via the extensive

capillary network.



,30'

4f

: 5'..

(15

Uptake of exogenous substrates can be measured directly
by the change in concentration.of a knowvn volume of
medium circuléted for a given time. |

Condition of fhe preparation can be judged by physioioéical 

. parameters, i.e. contraction, perfusion pressure, coronary

flow, and oxygen conSumption.

Competition between substrates may be measured without

‘ interference from uﬁknown or uncontrolled humoral factors
- which qpply in vivo and to = certain extent in the classical

heart-lung preparation.

The oxygen tension of the extracellular fluid is higher and

more uniform than that of incubated tissues, whereAfluid

of high oxygen tension impinges‘directly only on the two
~outermost layers of cells (Creese, Scholes and Vhalen,

1958).

A simple,retiograde,éortic perfused isolated heart

préparation was described as early as 1895 by Langendorff.

Interest in glucose metabolism in the perfused heart dates

from at least 1907 when Locke and Rosenheim found glucose

uptake in the Langendorff preparation. Many subsequent

studies were carried out on the classical heart-lung prepara-
tion of the dog as described by Knowlton and Starling (1912a)
who established that sugar was used by the dog heart and that
pancreatectomy'impaired this 2bility to consume sugar

(Knowlton and Starling, 1912b). However, the complex
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_relatibnéhips betﬁeen mechanical activity,loxygen consaﬁption,
substrate utiiisation end hormonal control can be studied

more readily by using a simpler heart preparation that does

not inélude lungs or other tissues in the circuit and with a
synthetic, chemicallyAdefined medium as the perfusion fluid

:in place of blood. Fisher and his associates (Bleehen.and
k'Fisher; 1954; Bronk and Fiéher, 1957; Fisher and Lindsay, 1956)
dairied_out a systematic investigation into the optimum

. conditioné for isoiated heart perfusion using the Langéndorff
preparatioﬁfand succeeded in controlling varisbles which had

‘ previbusly led to doubts as to the stability of this preparation.
With their stable preparation, relizble investigations of oxygen
consumption, (Fisher and Williamson, 1961 a,b), substrate
utilisation and hofmonal-reg&lation became possible (Fisher and
Zachariah, 1961; Zachariah, 1961). Competition between exogenous
and endogenbus substrates (Fisher,and Williamson; 1961h;
‘Williemson, 1962; Shipp, Matos, Knizleyand Crevasse, 1964),

and the factors affectiﬁg glucose uptake (iMorgan, Henderson
Regen and Park, 1961b; Opie, Shipp, Evans and Leboeuf, 1962),
~pyruvate_(Evans, Opie and Renold, i963; Villiamson, 1965),
lactate (Wiiliamson, 1962), ketone bodies (Williamson eznd Krebs,

' 1961), and long chein fatty acid utilisation (Shipp, Opie and
Challoner, 1961; Evans, Opie, end Shipv, 1963) have 21l been
extensively studied using such a preparation. The metabolic
effects of insulin (Pisher and Zachariah, 1961; Park, Reinwein,

Henderson, Cadenas and Horgan, 1959; Horgen et al., 1961b),
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| adrenaline (WilliamSOn, 1964), glucagon (Gdrhbiath, Réndle,
Pérmeggiani andiMbrgan, 1963), grbwth’hormbne (Régen, bavis, |
Morgan and'Park, 1964), anoxia (began, Randlerénd’Régen, 1959;.
Morgan et al., 1961b; Newsholme and Randle, 1961) and |
}starvation.(Newsholme and Randle, 1964; Randle, Newsholﬁe and
Garland,.1964).have\all been investigated in order to throw
- light on the mechénisms of regulation of glucose uptake by
heért muscle. However the importént interrelationships‘betﬁeen
méchanical.activity, oxygen conéumpﬁion and substrate utilisabion
of the.isoléted perfused heart have received little attention
antil Opie (1965) pointéd out that the perfusion pressure uséd
in the Langendorff preparation wés Yinearly rélated to the
coronary flow and was a major factor ihfluencing the oxidative
metabolism. _ | |

The relationship between mechanical activity and oxygen
consumption has been s?udied intensively in various types of
heart preparation. -Pactors including heart work (Barcibft and
Dixon, 1906; Harﬁison, Friedman énd Resnik, 1936), and con-—
tractile element work (Britman and Levine, 1964) end- |
‘diastolic volume or Ffibre length (Decherd and Visscher, 1933;
Hemingway and Fee, 1927; Starling.and Vissdher, 1926; Whalen,
1961) heart rate (Bersglund, Borst, Duff and Schreiner, 1958;
Cohn'and Steele, 1935; Bvans, 1917; Peinberg, Xatz and Boyd,
1962; Iaurent, Bolens-Williams, Willians and Katz, 1956;
Van Citters, Ruth, Reissman, 1957; Vhalen, 1961),
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myocardlal ten51on development (Feinberg et al., 1962,
, Sarnoff Braunwald, Welch, Case, Stainsby and Macruz, 1958),
Qoronary flow (Bacaner, Lioy ‘and Visscher, 1965; Gregg,
'Reyford, Khouri, Kattus and McKeever, 1957; Keshler, Braunwald,
Kelminson, Kedes, Chidsey and Segal, 1963; Opie, 1965), and
velocity of contraction (Sonnenblick, Ross, Covell; Kaiser
and Bradnwaid 1965) have all been considered important in the
regulatlon of oxygen consumptlon and hence presumably of
substrate utlllsatlon. It was therefore of con31derable
interest when lorgan and his golleagues recently deécribed a
completely isolated rat heart'preparation-capable'Of in vitro
.mechanical work. (Neely, Liebermeister, Battersby and Morgan,
1967a). In thls preparatlon, per¢usate is 1ntroduced into
- the left atrium at £illing pressures up to 20 cm of water and
~ pumped by the left ventricle, via the aorta, against a hydro-
Static pressure head. Since this preparation, in pumping
| fluid, carries Qut the heart's normsl physiological role, it
was considered of interest tb use this "working heart® to
compare'and cohfrast the effects of insulih and work load on

glucose metabolism by cardiac muscle.

Scope of present investigation

* In the study reported heve, the stability of the
"working heart" preparation,the effect of exogenous and endogenous

substrate utilisation on the oxygen consumption and the effects



of 1nsu11n and 1nsu11n deflclency on the pattern of glucose
metabollsm of 1solated hearts carrylng out phy31olog1cal
"work" have been investigated. In addltlon, for comparlson,
Langendorff hearts have been perfused at two dlfferent aortlc
perfu81on pressures_51nce Heely et al. (l967a) have recently
- shown that the rat heaiﬁ perfused by the ILangendorff technique

develops left ventficular pressure up to the level of the
aortic pressure With each systole;"Thisrparamete: of‘aortiC'
pressure has not been strictly controlled in ﬁeny eerlier_
studies of substrate utilisation by the isolated rat heart
. (Randle, New;holme and Garland,'l964; ,Mbrgan et al., 1961b;
Williamson, 1962). |

lany of the previous investigations of cardiac metabolism

and the effects of insulin and insulin deficiency have relied
’EOnvglucose uptake from the perfusion medium and total lactate
production into the mediwm as the sole parameters of utilisa-
~tion, without providiﬁg_information on the metabolie fate of
the glucose takeneup ﬁy the heart nuscle. ih oxder to
provide more detailed infErmation radioeactive glucose--U--C14
has been used in this study. The 4602 nroduoed by glucose
'oxidetion_(Opie et al., 1962) has been measured and in
addition, metabolic intermedistes derived from the glucoser-U—C14
have been revealed and measured by the quantitative
radio-ehrometographic scanning technique of Beloff-Chain,

Catenzaro, Chain, Iasi, Pocchiari and Rossi (1955) in a
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modified 'fo'rm wvhi'ckh is deseribed. In addition, the
myocardlal content of glyoolytlo 1ntermed1ates, adenine
nucleotldes, phosphocreatine, glycogen and citrate have
>been measured by enzymatic or chemical methods in both
aerobic and anaerobic situations and befo:euand after periods
of cardlac work. ) |

A new method has been used for 1nduclng diabetes for
fhe.study of effects of insulin deficiency on heart metabolism.
Previously reported studies have generall& relied on chemically
induced dié%etes brought about by alloxan (liorgan et al., 196la;
Regen et al., 1964; Greenman and Shipb, 1965; Randle et al.,
1964; Garland Hewsholme, Randle, 1904) The acute diabetic
rat wnlch is obtalned 48 hours after treaumeju with alloxan
has_numerous metabo;ic and. toxic abnormalities (Lukéné, 1948),
in addition %o hyperglycaemia and a deficiency of insulin.
For this reason a new diabetogenic antibiotic, streptozotocin
(Rakieten; Rakieten; Nadkarni, 1963) has been used. With this
material it is ppssible—to achieve a type of diabétes which
is characterised by an apparent specific insulih deficiency
with none of the toxic manifestations-of the kidney and liver
(Herbut, Watson, Perkins, 1946) associated with the use of
alloxan. The metabolic changes occurring during the

development of streptozotocin induced diabetes have been

investigated.
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It'has;also-been_shown in the present'study,_that in

 the normal rat, giucose metabéliSm by the isolated perfused

Léngendorff'heart is profoundly influenced by the éndogenous

‘insulin present in the muscle. This "bound" insulin although-

considered by Stadie to be in firm combination with the tisaue

_(étadie,_Haugaard, Hills andVMafsh,f19&9) can be removed or

inactivated‘by prolonged Waéhing in é pre-perfusion period

(Bleehen and Fisher, 1954), but its presence has been overlooked
" Morgan et al (1841 b)

in several studies on the effect of 1nsu11n on cardiac metabollmn?

A more satlsfactory method of obtaining an insulin deficient

| heart was suggested by the observations of Wrighf (1961) on

the effects of anti-insulin serum_(Moioney and Coval, 1955)

prepared in guinea ﬁigs (Armin, Grant and Wright, 1960a). Such

~ serum vhen injected into a number of animal species (Armin,

Cunningham, Grant,. Lloyd and Wright, 1961) gives .rise to

- hyperglycaemia and rapid loss of both pancreatic insulin and

Serum insulin (Armiﬁ, Grant and Wright, 1960b; Gregor, Martin,

Williswson, Iacy end Kipnis, 1963). The use of such specifio

antiserum therefore provides g method for the productioh of .

a reversible experimental diébetes which is thought, at least

1n1t1a11y, to be due to uncomplicated insulin deficiency.

In the present study, acutely insulin deficient hearts have

been obtained by pretreatment of the'donor rats with an

gnti—insulin gerun prepared in guinea pigs by regular treétment

with a novel, stable, silicone based enulsion containing
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insulin (Mansford, 1967). A comparison has therefore
" been possible between hearts from these écufely insulin
deficient rats and those from rats rendered dizbetic

with streptozotocin or alloxan.



23

EXPERINENTAL
'gégg. ‘Al the rats used were male:animals from a closed
breeding colony of specific pathogen free-derived,
Sprague-Dawley strain, originating from Charles River, Inec.,
U.S.A. They were all within the range 280 - 320 g when

used and had unrestricted access %o weter and stock laboratory

 diet.

Guinea, pigé. The guinez pigs used for preparation of

anti-insulin serunm wére of the Hartleystrain obtained from
the National Institute for ledical Research, IMill Hill.

They Wefe of at least 500 g bodj weight before use and were
ﬁaintained.on stock.laboratory dief.supplemented with fresh

cabbage twice weekly.

Chenicals and enZymes. ATP, ADP, AM?, glucose-~6-phosphate
(sodium salt), fructose i,6—diphosphaﬁe'(tricyolohexylammonium
salt), fructose-6-phosphate (sodium salt) NADH, NAD, NADP,
glucoSe—oxidaée, hexokinase,.glucose—6~phosphate dehydrogenase,
éreatine'phosPhate kinase, phosphoglucose isomerase, triose
phosphetes isomerase, lactic dehydrogenase (rebbit muscie),
pyru?ate kinase, citrate lyase, malic dehydrogenase, |
B-hydroxybabyrate dehydrogenase, aldolase, myokinase, glycerol
kinese, glycerol-l-phosphate dehydrogenase were all obtained

from Boehringer Corporation.  Sodium pyruvate, sodium
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1éctate, phoSphoenolpyruvéte (tricyclohexylammonium salt),
peroxidase, and tris were obtained from Sigma (Londbn) Ltd.,
Lettice Street, London. Alloxan, glucose, sorbitol, =
glycine, hydrazine, EDTA, sodium DL B-hydroxyﬁutyrate-and

all other chemicals wére.obtained from British Drug‘Houses

Ttd., (LaboratoryiChemicals.Division, Pbole, Dorset) and

were either A.R. gfades or the Best available. Héparin |

(as Pularin 1000 u/hi).was purchased from Evans Medical,Ltd.,
Speke',-.Liverpool. ~ Streptozotocin (batches 4621-HKJ-126D, |

| 4858-THP—166/4) was kindly donated by Messrs Upjohn Litd.,

Kalamazoo, Mich., U.S.A. Crystalline inéulin (glucagon free)

was donated by Burroughs Wellcbmé Co. Ltd. and was dissolﬁed

in 3.3 mi HC1 to yield a stéc’:k solution of 20 units/ml which

was stored at - 15°Q in 1 ml samples.

- Radiosctive chemicals

'Chromatogréphically pure D glucose-—U—Cl4 of specific
activity 2 to 3 me/mM was obtained from Radiochemical Centre,
Amersham, Bucks. H3—sorbitol at a specific activity of
200 me/mil wes originally obtained from New England Nuclear-
Corporation, Boston, Mass., but more recently was available

from the Radiochemical Centre.
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METHODS '

Preparatlon of Ant1~Inuu11n serum

Attempts to prepare gulnea pig antl—lnsulln serum
.ﬁsing the procedure of Wr;ght-(1961) gave rise to h;gh
mortalities in the guinea pigs-deépité the_use'of a‘heavy
mineral oil (Wright; 1965). These could be overcome by

- reduecing the dosage of emulsion to that cbrre6ponding to
0'5 mg of insulin but then at least three injections at
interval» of one month were required to -produce hlgh enough
antibody titres in the serum. A satlsfactory method of
produding»antiéinsulin serun of high pqtency after only

two injections and with.-a mortality’of less thén 5 per cent
was developed using a silicone-~based emulsion, The‘silicone
enuleion was produted as follows:

0il phase:

1 ml mannide mono-oleate emu131fler
(Arlacel A Atlas Powder Co. ),

20 ml Isqcréme,oil base
- (Croda Ltd);

20 nl Silicone DC 702
( Dow Corning, hldland, Ifichigan) ¢

Agneous phase:

150 mg insulin (glucagon~free)
(Burroughs Wellcome);
50 ml aqueous 0.3 per cent w/v phenol acidified to pH 2;
Inulsion:
6 ml o0il phase, 3 ml agueous phase, emulsified 30 mins
at 22 p.s.ie through an eighteen gauge needle '
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"~: The fin31 emu1sion (conteining 1 mg per ml of'inéulin)

was injected through an eightéen gauge‘needlé as a single
depot @f'l ml into the backs of guinea pigs welilghing at least
SOO_gm}/' Injections were carried out at monthly intervals
and anti-insulin serum was withdrawn by cardiac puncture

two weeks after the injection of insulin emulsion. Only
those batches of anti-insulin serum found capable of
producing a rise of 180 ¥ 20 mg per 1oo‘m1 in the blood
glucoée of raté'(280~320 gm) one hour after intravenous
dosage -with 0.5 ml of serum, were used for the metabolic

studies (Vright and Rivera~Calimlin; 1965).

Preparation of Diabetic Rats

 Alloxan-disbetes ﬁas induced by the intravenous
:administration info the teil vein of alloxan (65 mg/kg)
whilst the rats were under light etﬁér enaesthesia. The
alloxan solution was made up at 25 mg/ml concentfation in
‘isotonic sodium chloride solution. The‘animals were used
48 hours later without starvation and all had blood glucose
conéentrations'greater than 400 mg %. In addition,
lalloxan—diabetic animals exhibited éistended stomachs and
severely infiltrated patchy livers, Noribund animals were
not used. The mortality after 48 hours was 20% and
after 4 deys was viftuaily 100%, ’

Streptozotocin-diabetes ﬁas induced in a similar

menner using 65 mg/kg i.v. of streptozotocin into the
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tail %éin;_..In this‘case the‘soluﬁion_of stfeptozotocin ’

" used‘was képt at pH 4 by a few drobs 6f citric acid

buffer because of the instability of streptézotocin solutio

at pH7.J/ These znimals were used Seven days later (unless.
ofherwise indicated) without starvation. All tieated animals
lost weight during this period, exhibited dystrophic changes
in coat and when used had blobd-glucose‘concentrations greater
then 300 mg/100 ml, The mortality in streptozotocin treated
animals_@as only 5% and no macroscopic evidence of liver

damege was observed.

-Perfusion apparatus

The complete apparatus is shown in Fig 1; dan
enlargement of the heart chamber, cannula assenbly and
pressure chamber is shown in Fig 2. The apparatus consisted

of the following parts: (1) Heart chamber and cannula assenbly.

The cammulae (0.134.§§ggf ﬁfﬁfﬁ were held in a silicone
rubbervbung (Esco Ruﬁber 24 mm) which fitted the top of the
jackefed’heart chamber.  The aortic cannula had é tip of
0.11 inch o0.d. tubing Sealed  into the end end the atrial
cannula was benf to an angle of approx. 120° to‘place it in
' the correct position with respect to the aortic cannula.
Both.cahnulae'were grooved to take the ligatures. The aortic
cannula was fitted with a side arm as shown. This was used

to deliver perfusion medium during the pre-perfusion period
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(see below) and was connected tq a trénsducer,during'

- recireulation perfusions to record aortic pressure changes.

(2) Aortiq and atrial bubble traps and pressure chamber.
‘These were made from'femdlefportiéns'of B1l0 standard Quickfit
_jointé. Male plugs were made from silicone rubber bungs
~bored to take delivery and exit tubes (stainless steel tubes
0.11 inch o.d.). The aortic bubble trap (see (4) in Fig.l)
was held in the top of the oxygenating chamber by means of
& silicone rubber bung which also held a tube for the exit
of gas. ' The atrial bubble trap (see (2) in Fig. 1) was |
.joined to an extension side arm which also delivered the
gassing tube into the apparatus. :The pressure chamber bubble
trap was joined to the aortic cannula by a short length of
_silicone rubber'tubing.(2.5 mm I.D.). /All'other conﬁections

were in similar tubing.

(3) Oxyzenating Chamber. This was made up of three sections

 joined by means of standard sphériéal glass joints (see

(6) in Fig. 1). The upper and lower sectlons were Allihn |
condensers designed to prpvide the maximum spread of 1iquid"
'running down through the atmosphere of 95% 02/5% 0,0

’The central section contained thé side arm for ﬁhe atrial
bubble trap.

(4) Peristaltic pumps. Two pumps (see (P) in Fig. 1) were

used bdfh of which wére Watson~liarlow IMHRE Flow Inducers
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~>fitted with éilicone;rubber tubing (I.D.4.5'ﬁm).

One pump'was used to control the return of coronary
effluent to the oxygenating chaﬁbero'» The 6ther was
used to pump perfusion fluid from the base of the
oxygenating chamber through the in-line Millipore (5i)
(xx 30.025.00) filter (see Fig.l) and thence to the
 aortic and/or‘atrial bubble traps. Flow in the silicbne
rubber tubes was controlled by means of plastic roller-
e¢lips- of the type supplied with biood transfusion drip 

" .sets.

Preparation of hearb. The raté were anasesthetised in a -
glass chamber through which was drawn a stream of air
saturated with ether. 0.2 ml of heparin (1000 U/ml) was
then injected into the femoral vein and, if required, a
0,5-1.0 1l sanmple of blood removed through the same needle.
When free fatty acids were to be estimated in the plasma
the blood was withdfawn prior to administration of the
heparin. One minute later the abdominal cavity was opened
by meking a deep btransverse incision with écissors° The
diaphragn was trénsected end lateral incisions were made
along both sides of the rib cage so that the whole anterior
chest wall could then be folded back. The pericardium and
other filamentous tissues were thén pulled awey gently from
the heart which was picked up and the 1ungs.and other chest

contents pushed towards the back. At this point it was
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‘importéht'to,identify‘the point at which the pulmonary
. veins joined ihto the left atrium. A single cut was
then made through this point'and-on‘through.the.other
vessels arising from the heart, teking care to leave a
sﬁfficient length of aorta for éasy carmulation. The
heart frged in this way was then-dropped immediately
into a dish containing ice-cold perf&sion fluid (see

__ below). Contractions stopped within a few seconds.

~ Perfusion of heart
Using fine-tipped_fofceps, the heaft was theh picked.

‘up by the aorta; . any connective tissue, thymus or lung
adhering was cut ‘away. The aorta was then slipped about

3 mm onto the grooved perfusion cannula (PFig. 2) through
which the perfugion fluid was allowed %o drip continuvously.
As soon as the aorta was secured with a ligatﬁre (Bthicon
Mersilk R 84273/0) the retrogradé perfusion was begun by
fully opening‘the tap supplying the perfusion fluid
contained in a reservoir,IWater jecketed at 3700, held at
éither 65 cm or 100 cm above the heart (see below). On |
supplying this warm oxygenated ﬁerfusion medium to the
heart, contractions were restored to normal very rapidly.
A smell snip was then made in the right ventricular out flow
tract with e pair of sharp pointed scissors to avoid the

development of right veniricular distension. The coronary
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output drlpplng from the heart ‘during this p8I10d was
collected and not allowed to enter the re01rculat10n part
of the perfusion apparatus. »

- If working rat heart prebarations Weré reQuired, the
.heaft was rotated on the cannula, if neceséary, tb position
ithe openings into the left atrium to receive the second
perfusion cannula. After location of the left atrial
opening and suitablevtrimming if required, the ieft atrium
was slipped on to this second cannulz and tied in place.

The accuraé§ and competence of this cannulation were then
Itested by momenfarily unclamping the tube leadihg from the
atrial bubble trap (See 2 in Pig. 1) and observing the filling
of the left atrium.

Three types of heart perfusion experlments were carried
out.

i. Drip-through perfusions in which the coronary output was

allowed to run to waste or was collected for analysis. In
this case perfusion fluid was supplied from a large jacketed
(37°C) reservoir which had a sintered glass filter sealed into
the lower end.

2. TLangendorff recirculation perfusions, in which perfusion

‘was solely retrograde via the aorta and the coronary oubputb
was returned to the oxygenating chamber eand recirculated for

a flxed time (usually 30 mins unless otherwise stated).
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3. Working heart recirculation perfusions in which after

a S5-minute abftic, retrograde, recirculaﬁion perfusion, the
heart was switched to atrial ﬁeffusion as deécribed below,

A preperfusion period of 15 mins drip—throﬁgh was given
%o all.recirculation hearts both 'working' and Langendorif.
This washing (which was done at the sanme aortic pressure and
with.fhe same substrate concentration in the medium that was
to be presenﬁ‘in the subsequent recirculation perfusion)
served to remove all blood, equilibrate the substrate concen-
trations in the medium with those in the interstitisl fluid,
~and to allow the heart to recover from the périod of anoiia
associated.ﬁith excision and cannulation. |
| When Zangendorff recirculation hearts were required,
after 15 mins of drip-thiough preperfusion, the ﬁubeyleading
from the aorfic bubble trap (4 in PFig. 1) was unclamped and
the»tube from.the\reservoif to thé side arm of the aoxrtic
cannula was clamped; At the same time the coronary output
instead ofvgbing to waste was collected from the base of the
heart chawber and returned via peristaltic pump (I) to the
oxygenating cheanber.

Yhen working heart reciréulation perfusions were required,

15 mins of drip-through preperfusion were followed by 5 mins
of Iangendorff recirculation as above. Cardiac work was

then begun by switching the output of the peristaltic pump IT



35

(Bupplyiﬁg both atrial and aortie‘bubble traps).soleiy'tov
the atrial bubble trap and uﬁcldmping the tube supplying
perfusate to the left atrial camnula from the 6verflow type

" bubble trap. This bubble frap design was similar to that
deséribed by Neely et al. (19672) and served to eliminate
pressure flqetuations due to the peristaltic aétion of the
_punp and ensured a constant hydrostatic pressure (20 om H20)
impinging on'fhe heart. Perfusion medi@m then entered the
atriﬁm, passed into the ventricle and ventricular contraction
forced the fluid into the preséure ehamber_attached to the
~eortic cannula. On'the“advice of Dr Howard Korgan this
chamber was one third filled with alr to provide some elasticity
fo an otherwise rigid systen. The volume of air in this
ehambef had a marked effect on the size and shape of the

- aortlec pressure curve wvhich was registered by means of a
pressure transducer (SE4 Medical type S.E. ILaboratories Itd.,
Feltham, Middlesex} atfached'to.the side arm of the aortic
cannula,. The output of the transducer was fed via an
vSE4912 preamplifier ané SE4910 amplifier to a UV-lignht trace
recorder (SE 2005 six channel) with power supplies from an
SE 4000 wnit supply.  Contraction of the ventricle then
foreed flvid from the pressure chamber gbove the aorta and
thence to the aortic bubble trap 100 cm above the heart.

The overflow from this aortic bubble trap was returned down
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‘the inside walls of the}long'oxygenating chamber (6).1Thé
sortic dutput generéted by left ventricular cohtraction was
measured by’collecting‘the overflow from the aortic Bubble .
-'trap with the branch of tﬂe tube from punp zz to’the aortic
bubble trap clamped off. Coronary flow ﬁaé estimated by
_diverting the effluent from the heart chamber into a graduated
cylinder for 30 secs. | After measurement this perfusion fluid
‘was returned to the oxygenating chamber. ‘

The perfusaté in the recirculation system and in the -
drip-through reservoir was oxygenated'wifh (95%- s 5%); 02:C92
mixture thoroughly equilibratéd with water at 37°C By passage
through two sintered glass gas washing bottles prior to ehtry'
: into'the perfusion apparatus. Oxygenatioh was-aécémplished
by bubbling this gas through the perfusate from the sintered
plastic tube (7 in Fig. 1) and by exposing a large fluid
surface as the medium flowed doﬁn the inner walls of the
cehﬁral condensers.. In aqaerobic experiments, (95%,55%) N2:CO2
‘replaced the oxygen mixture. |

A water jacket, maintained at.37°C by a circuiation punp
and Grant water bath,was provided'for tge entire systen of
bubble traps,'heart chamber, oxygenating chember and the
reservoir of buffer used in the preliminary preperfusion and

drip-through experiments.



37

Perfusion mediun

Krebs-Hens eleit (1932) bicarbonate. buffer, pH 7.40,
equilibrated with 0, : 00, (95%, 5%) at_37°‘was used in |
. all experiments.. The'precaufions-bf Umbreit, Burris

| aﬁd Stauffer (1964) were followed fo prevent precipitation.

of caleium, Additions of glucose (1 mg/ml or 2 mg/ml)
and sorbitol (1 mg/ml) were made os indicated in the results.
Prior to use, thé KreBs—Henseleit perfusion medium was
- carefully filtered through a Millipore filter (0.8 u porosity

Type SMWP) to remove any material not in true solution.

Oxygen consvmption

When oxygen consumption was measured, a water jacketed ‘
Oxygen electrode hoiﬁer vas pléced immediately below the heart
* cheubex, By adjusting the speed with which the periétaltic
‘pdmp (I) removed the coronary effluent, it was possible to pass
a continuous stream of the fluid leaving the heart over the
oxygen eléctrode,without exposﬁre t0 air. The Beckman macro
oxygen electrode (325814) was connected to a Beckmen Physio-
logical Gas Analyser Hodel 160. Initially, oxygen consumption
was estimated from fhe difference in reading of oxygen teunsion
as registered by this electrode prior to mounting of the heart
and during the perfusiono' However as the incoming oxygen
- tension appeared to vary with thezrate of flow of pexrfusion

liguid (presumably beceuse of diffusion Losses through the
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silicone rubber tubing) a second oXygén electrode was intro-
duced into a modified form of the pressure chamber mounted
immediately above the aorta (see Fig. 3). Oxygen»cohsumpﬁionb

was calculated using the following formula:-

0, consumption (qO2 in ul/ﬁin/g ary)

= ariterial (incoming) —venous (oubgoing) 05 _tension (mmHg)

760 (mmig)

X . solubility of 0, at 37°C (ni/ml H,0)
X coronary flow (ml/min)
dry weight of heart (g)

"Collection of samples -

In recirculation perfusions, samples of medium were taken

2 mins after the addition of ¢4

glucose and/or H3-sorbitol.

This was taken as the time neéessary for equilibrafion with the
extracellular space of the heart, (morgan et al., 1961b).

The dilution of the ﬁ3~sorbit01‘Was used as a measure of the
circulating volume.  Ilock perfusioné carried out without hearts-
to check on possible losses of fluid by evaporation gave no |
indication of increase in concentration of the H3~sorbitol.
Sambles of medium were also takenvimmediately prior to termination
of the perfusion (normally after 30 mins). In experiments on the

fate of 014—g1ucose, the 14002 produced by oxidative metabolism
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was traﬁped'by bubblihg the eff1uént gas from'the top.of

- the oxygenating chamber through ethanolaminé—methanol (l:l)
‘mixture. The 14002 in'solﬁtion as bicarbonafe at the end
'vof the pérfusion was measured by rapid transfer-of cocled
1 ﬁl gamples of the final medium into secintillating viéls.
-These vialq were then quickly closed with skifted rubber
caps which alSo’helﬁ a wire support for a small glass centre
well containing 0,5 ml of ethanolamine~methanol (3:2) mixture.
0.5 ml of 10 H-E,S0, to liberate the ~7C0, was then cavefully
injected through the rubber caps into the medium samble with
~ care being taken not to'disturb or contaminate fhe céntre
.well.‘ The vials were then allowed to stand at least 3 hrs
before the caps were fémoved and fhe smail glass wells con~
tainihg the trapped 14002 removed with forceps and placed
.bodily into new vials containing 10 mls of a modified Brays
(1960) scintillant. Recovery of H“"'CO3 was found to be
v98-106% by this method. Initial and final perfusate samples
were aéséyed for radioacfivity by mixing 0.1l ml with 10 mls
of the same scintillant mixture. All senmples were counted-
in a Packard Tricarb Liquid Scintillation Spectrometer
‘(Model 3003) and corrected for guenching by the channels
ratio method of Beillie (1960).  The samples of medium
obtained at the begimning and end of the perfusion were

immediately deproteinised either with 5% ZnS0, end 0.3N Ba(OH)2
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for subsequent glucose assay or by means of addition to an |
equal volume of ice-cold 6% W/V perchloric acid (for lactate,

pyruvate, glycerol assayé). '

Extraction of heart '

Poerfusions were terminated by freéZing the heart between
aluminium olamping blocks cooled in liquid nitrogen.
V(Wbllénberger, Ristau and Schoffa, 1960).  ‘The frozen muscle
rwantheﬁ plaqed in liguid nitrogen, removed onto a block of
solid carbon-dioxide and quickly trimmed of frozen atrium.

The ventricle was‘then powdered in a percussibn mortar held
at liquid nitrogen temperature. Two hammering periods §ach
of twelve strokes, with the pestle being rotated through 180°
betweenreéch reriod, was sufficient %o produce a fine powder
suitable for extraction. Powder was removed from the mortar
with a spatula’ohilled in liqguid nitrogen. An aligquot was
transferred to a weighed container for determination of dry
weight. A second aliguot was added to a welghed glass
centrifﬁge tube containing 1 ml 305 KOH.  After éddition of
- the powder this. tube was reweighed and then placed in a boiling
water bath for digestion (30 min) priof to isolation of
glycogen by the method of Good, Kramer and SbmogL (1933).

4 third aliguot (the remaining powdered frozen tissue)
- was placed in a weighed tube conbaining either 20 ml ice-cold

605 agueous ethanol (if chromatographic assay was required),



42

"_m} 4 ml ice-cold 6% perchloric acid (if glycolytic
intermediates, nucleotides etc; were to be detérminéd
enzymatically). After reweighing, the contents of the
tube were thoroughly mixed by‘homogenising'on a Vortex
Nixer., Subsequent treatment depended on the assay

requirement.

-Heart analysis

(a) Exveriments requiring chromatographic assay
| In this Case, the suspension of tissue in 60% ethanoi

was centrifuged and the residue resuspended in a further

20 ml of cold 60% ethanol and homogeniéed, and recentrifuged.>'

The-combined ethénolic supernatants were then evaporéted

to 1 ml on a Buchler Evapo-llix under water-pump vacuum and
at room temperature. .The concentrated extract was then
loaded into an Agla ﬁiorosyringe and both mono- agnd bi-
dimensional chromatograns prepared by spotting 20 ul (mono)
or 50 pl (bi~) in 2 pl aliquots. Evaporation of the
ethanol during spotting of the extract was assisted by cold
air from é hair dryer held’below‘the chrométography paper
(Vhatmen No.l chromatography grade). MMedium samples ( 1 ml)
were evaporated to dryness end taken up in 0.2 nl H20 before
chromatography in a similar way. The solvents employed

were as . follows:—

Y
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monodlmensnoral - .
n,butanol/écetlc 301d/H 0 (40 11: 25)

Run for 16 hours.

bidimensional:—

solvent (1) as above
solvent (2) picric acid/tert. butano]/H 0 (4 g: 80: 20)

~ Run for 72 hours (Hanes and Isherwood, 1949),
or -

{ solvent (l) sec.butanol/formic acid/Hao (75:15:15).
Run for 16 hours. -
(Solvent (2) phenol/HH OH/H o (80 1:20).

(Ran for 24 hours.
or .

solvent (1) as for monodimensional

solvent (2) n propanol 350 ml
iso propanol 75 ml
n butanol 75 ml

iso~butyric acid 2500 ml
EDTA l.2 g
H)O 950 ml.
Run for 48 hours (Crow‘ey, Moses and Ullrich, 1963).

The chromatograms were developed by descending solvent
run in all-glass taenks at 20°¢ for the times indicated. The

-monodimensional chropatograms were placed in a tank containing
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émmonia %apour foxr %“hour‘as soon as they héd been taken
from the,éolvent tank, in order to "fix!" the volatile
free lactic acid as'its less volatile ammoﬁia salt.

- After allowing the chromatogram to dry in air,
the paper was placed in contact with a radiographic
film plate (Kodak, Kodirex X ray) for a period of
approximately 7 days. The autoradiographs were- then
| deve;opéd fof 3 minutes at 20°C with D i9B (Kodak),
washed in 2% v/v acetic acid and fixed for 15 minutes
in.Kodak-acid fixing salf solution before washing in
ruﬁning water for 30 minutes, The radiocactive spots -
on monodimensional chromatograms were also detected by
the spark chémber method of Pullan, Howard and Perry
(1966) (see below). |

The radioaéti#ity of all the substances separated

‘on the chromatbgrams of the heart extracts and ﬁerfusion
nedis was quantitatively measured using a computerised
form of the éutomatic radiocactive chromafégram scanner
originally devéloped in the Istituto Superiore di Sanita;
Rome (Frank, Chain, Poéchiari and Rossi, 1959; for

details of this modified scammer see below).
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(v) E#peiiments requiring,éﬁzymatic or chemical assay'
Iﬁ this case, the tissue and cold<perchloric_acid
were rapidly filtered‘through a Millipore filter (pore
size 0.8 mit). The volume of clear filtrate obtained
was noted and 0.5 ml of a mixture of 30% KOH saturated
witthCI (6 parts) and 0.2 M Tris; pH.7,$ (4 parts) was
added. Neutralisation (as judgéd by universal indicator
solution, B.D.H.) to pH 7.0 was then coﬁpléfed by dropwise
addition of 2.5% KOH saturated with XCl. All of these
operatiohs were cafried out inAthe cold room (+ 4°C).
.The volume of the-neutralised extract was again noted |
and the cold extraet centrifuged at + 2°C for 10 minutes
at 3000 r.p.m. Thé neutralised extract freed from
perchldrate was then used for assays of ﬁhé metvabolic

intermedistes shown below:

(L) ATP, ADP, ANP and phosphocreatine

ATP + glucose hexokinases sop + gép

G6P + WADP N 6PGA+ NADPH + HY
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ATP  was éséayed by the change in‘eXtinction at 340 mi in a
'Unicéﬁ SP 800 spectrophotometer (fitted with external
recorder and range expansion)‘on}the additian of hexokinase
(5 #l of 10 mg/ml) to a mixture of 0.1 ml of heart extract
(orlsfandard or blank) and 2.9 mirof assay mediwm, |
(Lamprecht and Trautschold, 1963). The assay medium

containea the following:—

0.2 M Tris buffer pH 7.5 : 0.1 ml

NADP 1% w/v - ' 0.1 ml
Glucose 100 mil ‘ . 0.05 ml

Glucose-6-phosphate dehydrogenase (10 mg/ml) 5 ul

When the change in extinction had stebilised, 0.05 ml of
10 mi ADP were added(and any further chenge in extinction

noted) to Provide excess ADP for-the subsec;uent assay of Fhosphocfeatine.
' Stan:lqrc's of 0-2ml of 0-5mM ATP and of CrP were run on each occasion.

Phosphocreatine was then assayed by the further change in

extinction at 340 mt on addition of 10 Rl creatine phosphate
kinase (5 mg/ml made up in 0.1% bovine albumin) to the reaction

mixture in which the ATP assay had been completed.

o ugtt
ADP + phosphocreatine =—————-= cregtine + ATP
Bt ——

e

fggg was assayed by the change in extinetion at 340 mH on
adding 5 ®l of pyruvic kinase (10 mg/ml) to armixture of
0.2 ml of heart extract, 2.6 ml of assay medium and 5 pl
lactic dehydrogenase (25 mg/ml).
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ADP + 2 FEP N 2 ATP + 2 pyruvate -

2 pyruvate + 2 NADH + 2H' I\ 5 1actate + 2 NADY
V i |

In this case the assay medium contained the following:

EDTA = triethanolamine,buffer pPH 7.5 B 0.4 M 0.6 ml
k01 . | C0.5M 0.5 ml
| Ngll, I 1.0 ¥ 0.1 ml

NADH, | f - 0.125% 0.1 ml

Phosphoenolpyruvate (tricyclohexylammonium ‘
’ : ' ~salt), 10mM 0,2 ml-

ATP , o ' | 10 mM  0.01 ml
Standards of 0.2 ml of ADP 0.5 mll were run on each occasion.

ANP NK

_ANP + ATP = ' Z.ADP

was éssayed by the further change in extinction on the addition
to the nmixture in which the ADP assay had been completed, of

' 5 pl. of myokinese (10 mg/ml).  This change in extinction
required correction for a blank value obtained when water was
substituted‘for heart extract, probably bécause'of contamination
of NADH2 withiAMP (Williamson, 1966). Standards of 0.2 ml of
AP (0.1 mi) were run on each occaéion and ih addition 10 Ml

of 1.0 mli AMP was added t0 the cuvettes containing the blank,
the standard and several heart extract samples, in each run, to
check on'the additional change in extinection brought about and
thexeby test for the possible presénce of myokinase inhibitors

in the heart extracts.
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‘(2) Dihydrox#adetone phosphate, fructose-l,6~diphosphate, pyiuvaﬁe

These were assayed by an NADH, coupled system based on the

'following reactions (Bucher and Hohorst, 1963)
GDH
(a) dlhydroxyacetone phosphate + NADH + HT —tieed

glycerol - 1 phosphate + NaDt

' ‘ o aldolase
(b) fructose-1,6-diphosphate

glyceraldehyde-3—phosphate+dihydroxyacetone‘phosphate

triosephosphate isomerase.
: e,

(e) glyceraldehyde-3~-phosphate

dihydroxyacetone phosphate

(d) fructose-l,6- dlphoqphate + 2 NADH + o2mt . N

2 glycerol—l-phosphate + 2NADT

Fbr this sequence 1.0 ml of each heart extract was added to

cuvettes containing:-
CNADH, (0.,125%) - 0,lml
0.2M Tris buffer pH 7.5 1.0 n1

H20 ' 0.9 nl
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’Standards'of 0.2 ml of 0.1 mi fructose-1l,6-diphosphate

.plus 0.8 ml-of water (in place‘of the heért‘extract)

were run on each occasion together with similer standards

of 0.1 mM pyruvate and distilled water blanks.
iThe'sequential éhanges‘in extinction at 340 mu'were

followed after the following additions:
(2) 5 Rl glycerol—l—phésphate dehydrogenase
(52 "5 ui triosephosphate isqmérasg (10 mg/hlj
(e) 5 11 aldolase (10 mg/bl)

(d) 5 ul lactic dehydrogenase (10 mg/ml)

As internal standards, 10 Bl of FDP (1.0 ml) was
added to ‘the cuvettes after the addition of aldolase and
10 pl of pyruvate (1.0 mM) subsquent to the addition of

lactic dehydrogenase.
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(3) @6P, F6P znd glucose (Hohorst; 1963)

These ﬁére assayed by an NADP coupled system based on

the following reactions:~

(1) G6P + NADPT Egéfgﬁé 6-phosphogluconolactone + NADPH + H'
(2) PGP phosphoglucose isomerase, GEP

(3) Glucose + ATP - hexokinase G6P + ADP

Por this reaction sequenée 0.5 ml of each‘heart extract

was added 1to cuvettes containing:

0.2 I Tris buffer pH 7.5 1.0 ml

1% NADP : N 0.1 ml
20 ml ATP . . 0.1 ml._
1M g 012' . 0.1 ml

" Distilled water : 1.2 ml

The glucose=-6-phosphate was then assayed by therchange
in extinction at 340 mi brought about by the addition of

5 ul of glucose~6-phosphate dehydrogenase (10 mg/ml).

Fructose~-b~phosphate was then assayed by the further
change in extinction at 340 mp on the addition to the
mixture in which the G6P assay had been completed, of

5 w1l of the phospho-glucose isomerase (10 mg/ml).
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' Glucose in the heart extracts,'was.then assayed'(again in the

same mlxture in whlch the G6P and F6P assaya nad been completed)

by the further addition of 5 Ml of hexoklnase (10 mg/ml).

Standards of 0.2 ml of 0.1 ml G6P and F6P with 0.3 ml of dlstlllea'
water in place of the 0,5 ml of heart extract were assayed in- each
run.

glggggg in samples of blood, and perfusion medium were analysed

by a modification of fhe method of Huggett;and Nizon (1957) in
which the glucose oxidase reaction,

 D-glucose + H,0 + 0, _glucose oxidase, D

-gluconic acid + H,0,
was coupled to an indicator reaction in which the hydrogen peroxide

- was decompoéed by peroxidase.  The oxygen liberated then oxidised

a hydrogen donor to form an oxidised chromogen

peroxidase,

H,0, + donor (H,) 2 Hy0 + chromogen

The chromogen was that formed from 0 — dianisidine dihydrochloride.
Because of the contamination of commercial glucose oxidase pre-
parafions with amylase and maltase (Crowne and Hansford, 1964)

the eﬁzymeudye reagent containing glucose oxidase; peroxidase,
O=dianisidine dihydrochloride was made up in Tris-glycerol buffer
pH-7,0 (HMansford and Opie, 1963). The reactvion was carried out
with 0,5 ml of a neubral deproteinised filtrate (prepared from
blood (0.1 ml) or perfusion medium samples by the addition of 1 nl

of 7nS0, (5%) and 1 ml of Ba (0H), (0.3W) solutions) with 2 ml



52

.of the enzymefdye reagent. ineubation ét 37°¢ for 30’mins
was then parriedvout and the reacfion terminated by rapid
‘addition of 4 ml of N H,S0, which also served to stebilise’
the célour of the oxidised chromogen (Fleming and Pegler,
'1963). .Measure@ents of extinction were theh carried out

at 540 mp on a SPE00 spectrophotometer equipped with a flow cell,

~ (4) g-glycerol-phosphate and lactate (Hb‘\or‘s't, 1963 b)

I the reactions in which a-glycerol-phosphate and .

L (+) lactate are oxidised by WAD,

o+ glycerdbisphosphatedehydrogena%\
< , _
dihydroxyacetone phosphate + MADH + ut

(2) I-lactate + NAD' LD, pyruvate + NADH + HY
. . . T—m-“ )

(1) glycerol-l-phosphate + NA

the equilibrium in both cases lies far to the left, . The
oxidations are, however, virtually quantitative if the reaction »
prédudts are removed from fhe mixture, In both cases this
wa.s cohveniently hrought about by the use of an alkaline
reaction mixture (to bind the protons) and the use of hydraszine
to trap the dihydroxyacetone phosphate and pyruvate as their
respective hydrazones.

The buffer used contained 30 g glycine, 20.8 g hydrazine

sulphate and 0.8 g EDTA in 200 ml distilled vater to which was added
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1mmed1atelj bezore ‘use 12. 75 ml of 2 X NaOH to glve e pH of

9.5 (measured by pH meter).

For the assay of afglvcerol phosphate, 0.5 ml of the

‘heart extracts were placed in cuvettes containing 1.5 ml

of the hydrazine~-glycine buffer, 0.2 ml of 1% NAD and 0.8 ml
of distilled.water.. o

‘ : The.change'in extinetion at 340 mu brdught about as a
' result of the-addition of 20 pl of glycerdl—l~phosphate

dehydrogenase (10 mg/ml) was then measured.

- Lactate was assayed by the further change in extinction on the
j édditibn; to the mixture in ﬁhich the assay of.glycerpl~l-§hosphate
had been completed, of 20 pl of lactic dehydrogenase'(ZS rig/mnl).
30 minS‘was allowed for this reéction to come to complétion. |
To check that the assay was functioning correctly, 10 Rl of
a'2,5'mM lactate standard solution was added to all the cuvettes
and thé further change'in extinction measured after 30 minutes.
A 1 I standard solution of L (+) - lactate was obtained from
Boehringer Corporation.
- 5) g;ﬁggzg. Citrate was assayed by the citrate lyase method

of Moellering and Gruber (1966) using the reactions:-

trate 1
Citrate citrate lyese

~  oxaloacetate + acetate

N\

malic dehydrogenasg
N

oxaloacetate'+ HADH + HY nalate + PAD+
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Both the assay mixture and the enzymé'(eitrate 1yase).
solution contained Zn't to stabilise the enzyme ac»1v1ty.
In the original procedure of Dagley (1963) oxaloacetate
formed from citrate was decomposed té pyruvafe by oxaloacetate
decarboxylase present in cell—fiee extracts. The lioellering
and Gruber (1966) procedure'was found to be preferable since
it eliminated the uncertalnty that sufficient amounts of the
decarboxylase might not beapresent for this conversion, by
using a pmixture of lactate dehydrogénase and melate dehydrogenase.
Any pyruvaie that was formed f:om'okaloacetate non-enzymicaily
vﬁas assayed by»lactate dehydrogenase whilst unchanged qxaloacetate :
was assayed by the malate dehydrogenase. By coupling wifh the
dehydrogenase systems the equilibrium of thé citrate iyase‘ |
reacfioﬁ was shifted to the direction of complete splitting of
citrate.
Por the assay, the cuvettes (10 mm) contained the follow-

- ing reaction mixture |

O;Bml heart extract
| 2.0ml triethanolamine buffer (50 mlM) + 0. ZmM ZnCl, (pH 7.6)

0.1ml NADH 0.125% w/v

O.4ml distilled water

5 pl of lactic dehydrogenase (5 mg/ml) and 5 Bl of melate
dehydrogenase (5 mg/ml) were then added to each cuveute and

the extinction recorded at 340 np after a stable reading had
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been obtained (approx. 10 mins). The change_in éxtinction
which was brought sbout by the addition of 10 u14of a solution
of citrate lyase (10 mg/ml) (made up in triethanolamine 10 mil -
+ 0.3 ml ZnCl2 pH 7.6) was then used as a measure of citrate
content. Stable readings of this change in extinction were
obtained.after 5 - 10 min. After this fime a steady creep in
extindtioh was observed in all cells both containing standerds
end heart extracts. Stendards (0.5 ml of 0.05 mlM citrate)

were run on all occasions.

(6) Glycerol. The assay procedure of Garland and Randle (1962)

was used. This was based on the following reactions

glycerol kinase ‘ ‘ .
glycerol + ATP > IL-glycerol-l-phosphate + ADP

\

pyruvate kinsse

ADP + phosphoenol pyruvaﬁe

- ATP + pyruvate

Pyruvete + napn 2octate dehydrogenase

~N

lactate + NADT

The phosphorylation of glycérol was therefore coupled with
~ the oxidation of NADH2. The forward reaction was favoured in

each case by the use of a buffer at pH 7.6.
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The assay mixture was prepared as follows:-

0.1 I triethanolamine hydrochloride_(adjustéd to |
pH 7.6 with saturated NaOH) cbntaining 10 ml
6 mM magnesium chloride |

7 mM-phosphoenolpyruvate (tricyclohexylammonium

salt), and
2 mlM KC1
75 mlM ATP disodium salt | : - 0425 ml
3 nM NADH - | - | C1lm

Por glycerol assay, cuvettes (1 cm) were set up containing
3'ml of this assay mixture together with 1 ml of the heart
>extract 6f perfusion medium sample., 10 Pl of pyruvate'kinase
and 10 Pl of lactic dehydrogenase were then added to}eaéh
cuvette and the change in extinction due to reactiqn of any ADP
and pyruvate in the sample allowed to siabilise. The change in
extinetion due %o glycerol was then measured following the
addition of 10 pl of giycerol kinase. Because of the small
but Steady drift in extinction during prolonged readings, all
samples were read at 5 minutes after the addition of glycerol
kinase. Ihls time was found to give satlsfactory results with
standards (1 ml of 0.05 mil vlycerol) and when 10 Ll of 2.5 mli
glycerol was udded to the cuvettes in which the glycerol assay

of hearts extracts had been comnleted.
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(7). ﬁ-hydroxybutyrage

For the debermination of the concentration of
B-hydroxybutyrate in blood, the enzymic method of
Williamson et al., (1962) was used. This.ihvolved

the use of thydroxybutyrate dehydrogenase in the reaction:

B-hydréxybutyrate + NADY  eee—M acetoacetate + NAD + HY
. <

For reasons similar to those mentioned in connection
with the lactate assay, hydrazine was incorporated into the
assay buffér (pH 8.5) in order to foym the hydrazone of |
acetoacetatéyand force the reaction to completion. In-this 

case the reaction mixture in the cuvette contained:~

0.8 ml buffer pH 8,5 (12.5 ml of 15% w/v glycine, 10;4%‘w/#"
' hydrazine sulphate, 0.4% w/v EDTA,

| §+ 7.5 ml 2N NaOH) |

0.2 ml NAD (1.5% w/v) |

2,0 ml neutralised supernatant from blood sample.

The change in extinction at 340 mu, 30 min after addition of

20 pl of B~hydroxybutyrate dehydrogenase (5 mg/ml) was measured.
The blood supernatant was prepared by mixing 1 ml of blood

and 1 ml of 0.7 Il perchloric acid‘solution énd then centri-
fuging at 3QOC‘r.p;m. for 10 minutes. To a measured aliguot
of the supernatent, 0.3 ml of 2 I KOH/0.65 H K,C05 mixture

was added. This raised the pH of the supernatant fo

approximately 9-10. The supernatant was then allowed-to
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stand in an 1ce bath for 30 mlnutes and the pota351um

'percnlorate whlch precipitated was filtered off.

(8) ZPlasma free fatty acids

Plasma free fatty acids weré determined by a titriﬁetric
fprpcedufe devised by Chlouverskis (1963) and based on the
method of Dole (1956).  Following extraction of 0.6 ml of
plasma_with 3 ml of Dole's extraction mixture (iSOprOPyl
alcohol 40 .parts, heptane 10 parts, 1N H SO4 1 part) the
system was-divided into two phases by the addition of 1.8 ml
-Qf'heptane and 1.2 ml of water. At least 10 mins éfter the
two phasés had'éeparated 2 ml of the upper phase were pipétted
into conical tubes to which 2 ml of nile blue.indicator

’(0 Ozﬂ w/v in 90” v/v'ethanol) were added.- Titration was
then carrled out against standardised 0,02N NeOH with an Agla

micrometer syrlnge burette under a stream of nitrogen.

(9) Tissue Sorbitbl and Sorbitol space: Intracellular glucose

Two 0.1 ml aliquots of the'neutralised tissue extract
 were counted for Hi-sorbitol content by addition to 10 ml of
scintillant containing 0.5 ml of water to prevent salt pre-
cipitation. Semples (0.1 ml) of the perfusion ﬁedium collected
at the end of the expéfiment'were counted at the same time.

In this way the extracellular space was debtermined, on the
assamptidn that sorbitol does not penetrate the muscle cell,

(Morgen et al., 1961b), from the followihg formula:
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'Sorbltol space ul/g

= (muscle sorbitol Lg per g of web muscle) 1000
medium sorbitol pg pér nl

Glucose space was calculated in a similar manner using the
_résults of the hexokinase assay‘Of tissue extracts and the
'giucose oxidase method on mediun samples.

From the results of these Cdlculatlonu of sorbltol space
and gluCOSe space it was possible to calculate in turn whether
any intracellular glucose was evident under the condiftions of
the perfusion, since as Horgan et 8l. (1961b) have shown,

intracellular glucose(mg/100 ml)

= (glucose space - sorbitol space Wl/g)(perfusate glucose cong.mngOﬁD

(Total water - sorbitol space R1/g)(0.75)

The factor 0.75 waS‘derﬁved by Morgan on the basis of studies .
with non-metabolised sugars which showed that only 75¢% of the
intracellulaxr water was available for sugar distributlon.
Total water was obtained from the dry weight/wet weight'ratio'

determined as described above.
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Detection of radioactive materials on‘chromatograms by

means of a crossed-wire spark chamber

A'humberrdf.ﬁofkefé have publiéhed details of.SPark

- chambers with electrodes which consist éf sets of wires
arranged so that electrical signals corresponding to spark
positions can be extracted (Pullan, Howard and Perry, 1966).
The chamber'used-in this investigatidn was similar to that
shown in Fig;4. The two electrodes consisted of sets of
stretched ﬁires mounted on perspex frameé. Thesé frames

had removaﬁle sections so that_the_chromatograms could be
inserted into the chamber. The positive electrode consisted
.of a set of 0.005 in diameter stainless steel wiresspacéd

1/8 inéh apart over.the sensitive fegion of the chamber.

At the 'edges of the sensitive region these wires were.replaced
by 24 gauge tinned.copper wires. Both sets were stretched
over twd'l/4 inch diameter brass bars that were placed 20 cm
'apart oh a flat perspex surface so that the separation between
,the electrodes was gradually increased outside the sensitive
régidn to reduce spurious sparking. The negative or ground.
electrode bonsisted of 24 gauge tinned copper wires placed
1/8 inch apart and stretched over two bars in the same way
“as the positive electrode. These thick wires were used for
the hegative electrode to avoid corona discharge into the

sensitive region of the chamber. The two halves of the
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. Removoble section : 0.005-in.-dio stoinless-steel wires h Field-control electrodes

24-goge finned. copper wires Chromatography plote Removable section lin

Pig. 4 Diagram of spark chambexr
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chamber were assembled so that'fhé ﬁifes on‘the ¥wb |
‘electrodes were at fight angles to eaqh'othéirand'were'
- _Separated by‘25 M. The technigue of separatingrthé
~electrodes awzy from the sensitive region and usingithé
- 'thick wires at the edges was not.sufficiently successful
‘to stop spurious sparking at the edges when the chamber
‘operated at . only 100-200 volts abové,thé_spark threshéld,
Pullaﬁ ef al., (1966), therefore introduced two field control -
electrodes to reduce gradually the field;arouﬁd the fine
wires at the edges of the sensitive région.
The chamber was opgrated with a coﬁtinuous flow of

-90% argon and 10% methane gas end the electrodes were conhec-'
- ted through a high resistance to‘a 5000 wvolt power-supply.
B particles.from the radioactive Spots on.the chromatogram,
entering the field between the two electrodes, pfoduced
ionisation which resulted in a spark between the’nea:est
paif of electrode wires (one in each plane). Each spark
discharged the cépacit& of the chamber and the voltage on
the chamber then recévered according to the time consfant‘
of the series resistence and the capacity of the.ohambér.
With a resistance of 250 Mesohms and a chamber capacity of
150F the chember operated stably for 1300 volts sbove the
~spark threshold. With the suBSec}Uerﬂ' time censtat 204 the large

~ chamber area, the dead time correction was considerable.
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Fig. 5 Typical photograph of spark chamber
detection of radicactivity on
chromatograms.
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Beééuée,of fhis disad#aﬁtége quantitative”measurements:by_

, fhe spark chamﬁer were_not utilised in fhesé‘eiperiments.
The presence of fadioaetive spots was revéaled simﬁly by
;mountihg-aﬁPolaroid camera over the top of the chamber and
vfaking 2 5 min. time exposure to integrate the flashes produced '
by the'sparké. ' In this simple manner it was found possible |
to reveal the pfesénce on paper chromatograms of radioactive
‘spots which normally required 3-7 days of exposure on suto-
_radiographs. A typical spark chamber photograph is shown
in Fig. 5. | '

Quantitative bidimensional paver chromatography

An avtomatic scanning'machine for the_quantitative
evaluation of peper chfomgtograms of radioactive substances
was developed»in the Istituto Superiore di Sanita, Rome
(Chain, Frank, Pocchisri, Rossi, Ugolini, 1956; Frank,

Chain, Pocchiari and Rossi, 1959).  This machine has been
used extehsively for studying the metabolic fate of radiocactive
substratés in isolated tissues (e.g. Chain, Hansford and
Pocchiari, 1960). | This appafatus'consisted of an electric
typewriter, the number keys of which had a series of solenoids
mounted over them; the number keys were therefore depressed
when the solenoids were energised. The chromatogram was

' faétened by sellotepe to a sheet of blank paper inserted into

the carriage of the typewriter. The chromatogram was thereby
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'_drawn'by,theAmbvéments of, the typewiiter‘éérriage betweeﬁ
two_eﬁd—windoﬁ Geiger coﬁnters attached-foAthé back of
“the typewritér carriage,_thus exposing a uﬁit>équaré area
of the radiochromatogram for cbunting'for avbériod'which
depended on the intensity of tﬁe rediations, i.e, for short
periods in‘the"case_bf the background radiatioﬁ, and for

4loﬁger ﬁeriods if the number of éo&nts per unit time ex-
ceeded‘the presef background value. - The number of counts,
detected by the Géiger counters and cﬁunted iﬁ the scaler

- unit, was then read out to the solenbids over the corres-

. ponding number keys of the typeﬁriter, so that at thé end
of the counting period, determined by an electronjc timer,
the number of counts per tlme unit was printed on the blank
sheet in the typewriter carriage in a p081t10n corfespondlng
to the position of the raaloactlve spot on the chromatogram;
in printing out this information the typewriter'carriége
mdved to the next adjacent-position. Vhen the whole line

“hed been explored, additional solenoids actuated the carriage
return key ahd-thus réturned thé carriage to its original

.,§OSitiqn, simultaneously turning the roll so that the blank
paper sheet, and with it the chromatogram, was moved to
"the next line. This process was répeated until all the
chromatogram had been scanned and 2 number-mep indicating
the distribution andé intensity 6f radioactivity was thereby

obtained.
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In theopfesent work a}computerisea modifioafion.of this
Scanner has been used. As development of this modified
soénner and the evaluation of its performance ﬁere-a neoéssary
preliminary to the present metabolic sfudy;.detéils are givén

of this new machine.‘

.General Princ1p1e of operation

‘ nhe electric typewriter used in the old model had the

dual function of:- .

(1) moving the radiochromatograms through the Geiger counters
and ‘. |

(2) recording the distribution of radioactivity. For computeri-

" sation these two functions had"to be separated; hence the
idea of using the electric typewriter in wﬁich ooth functions
were combined, had to be, regretfully; abandoned.

| In the new, computerised model, the scanning function was

carried out by‘épeoialiy constructed stands (Pig. 6)'in.which
the radiochromatograns were held in frames (1, Fig. 6), which
.couid be moved Verﬁicallyibetweeh the two Geiger counfers

(2; Fig; 6). The counters wére»moved horizontally ecross the
radioohrométograg discontinuously exploring unif areas. After
'the end of one line had boen reached, the counters were made
to return to their original position, end simulteneously the
frames were moved upwerds so that the next line could be

explored by the counters. Both the horizontal movemenb of

-



Diggram of scanner for quantitative determination of
radioactivity on bidimensional paper chromatograms.
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the counter and the vertical movement of the frames were
effected by two servo—control motors I and II (3, Fig. 6)
The horizontal movement of thevGelger»gounters effected by
metor I was sterted by a timing deviee which elso“centrolled
ﬁhe counting'period. 4 This was set at two valuee~ a.shdrt
one for counting -the background act1v1ty and a multlple of
this Value for counting intensities of radioactivity exceed-
ing the sebtﬁreshold for background activity.

Programming, indexing of the positions to be explored .j
(both in hovizontal and vertical directions), and identification
of the scanning machines was effected by a series of parsllel
rows of perforations and three slots, drilled or cut, respect-
~ ively, in two aluminium plates (4 aﬁd 5), one (4) for.the
horizontal movement of the Geiger counters, the othexr (S)Qfor
the vertical movement of the radiochromatogram.

The sensing device for detecting the scanning positions
and the other parameters to be recorded consisted of a series
of pairs of small photoceils and lanps mounted opposite to
each other in perforations drilled into each of two strips,
forming the longitudinal sides of a rectangular housing
carrier (6 and 7), with the perforated aluminium programming
plete located bhetween them; one photoeell—lamp pair was
nounted at a height corresponding exactly to the position of

each line of perforations or each slot in the zluminium
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_programmin5 plafeé. - The aluminium plate thus separgted
'the photocells from their respeetlve llght sources, except
at the positions of the perforatlons or the slots through
whlch the light beams were able to penetrate and impinge on |
the photocells. " | | |
‘Two sensing dev1ces were mounted, one attached to one

of the saddles of the Gelger counters for horizontal explora-
tlon and indexing (6), the otherzftached to the lower bar of
the radlochromatogram frame, for vertlcal exploration and
indexing (7).

’ The positions of each of the'sﬁall perforations on fhe-
first horizontal 1ine-on‘the programming plate (4) determined
theAPOSitiohs.Where the Géiger counters stopped for horizontai>
exploration. This occhrred when motor I was stoppéd by a
signal from the topmost photocell, located at the height of
the first row of periorations,'as soon as the Geiger counters:.
(and the sensing deviée_attached to the saddle of one of them)
had reached the position of the first of the perforations and
the lightbeam from the opposite lamp had inpinged through it
onto the photocell.

Aftef the completion of the exploration period, the

~ timer set motor I in motion'again, and the motor ran until

the Geiger counters were moved by meens of the threaded drives

(8) to the position of the next pefforation of the top row of
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<

perforatibns drilledviﬁto the programming plate when:it was
 Stopped Ey_fhe same photocell device as describéd; _ These
periodic horizontal movements of the Geiger counters were
repeated until the end of the line wés reached, at which
point, motor I was caused to reverse. - _7

The two ends of the required exploration line were
marked by two small aluminium stops (10), which could be
moﬁed in two of the slots to any desired position.  VWhen
the sensing device had been fransported'to the position of "
the terminal aluminium stop, the light beam emanating from
the source located at the height of fhé.first slot and
reaching the corresponding photocell through the whole
length of the slot; wes obstfucted by the aluminium s?op.
This caused the photocell fo emit o signal causing motor I
to reverse and transport the Geiger counters'and the sensing
system to the point of.origin. This position was marked by
an appropriately ﬁlaced'aluminiqm stop in the next loﬁer
slot II. Once this was reached by the sensing system, motox
I was égain reversed by a signal from the appropriate photo-
cell, located at the height of slot II, (on obstruction of
the light beém from its opposite lamp by the aluminium stop),
and the exploration of the next horigzontal line would begin.
This Was'reached byvan upward movement Qf the radiochromatogram
fréme, effected by motor II on,recéiviﬁg a signal from motor I

during its reverse excursion.
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| éhe vértical positions of the frame determining the

pbsitions of.each of the horizohtal exploratiqnllines were
programmed by the first wvertical réw of perforations drilled
into the second, vertically placed, aluminium prOgramming
plate. Mofor IT was started and stopped by signals from
the timer aﬁd the first phofoéell of the second sensing
device (7),'in the same manner as described for the control
. 0of the movements of motor I. on arriving.at the last
vertical position,motor II was stopﬁeé permanently by thé
same light'feam obstruction mechanism, by a sultably placed';
aluminiun stop in the firsf of the'three slots of the wvertical
programming plate. On operating a switch, motor II was made N
to return the frame to its position of origin, indicated by
an aluninium stop suitably placed in the second slot ofvthe
vertidal progranming plate. The complete‘apparatus is
shdwn in Fig. 7. ’ |

The recording of the results was done by a data punch
(Fig. 8). On termination of the explération period the follow-
ing parameters were recorded on 7 hole paper tape in Atlas-
Orion code:- |
(l) A code identifying the scanning machine (two digits)
(2) The exact position of fhe explored area, i.e. its x

and y co-ordinates (Lfour digits)
(3) The number of counts; only activities exceeding the

background threshold velue were recorded (four digits)A
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(4) The time péribd:of counting (three dlglts)

| The data on the paper tape, sultably programmed, was
then processed by means of the Atlas computer. The-programme
involved:- | | |

1. sorting of the.data from eaéh scanning machiﬁe; '

2. presenting the figures as'"number.maps“ of the distribution
of redioéct*vity,thé display corresponding exactly to the
rositions of the radioactive spots on the radlochfomatograms
(see Flg. 9). The figures were expressed as counts per
10 seconds per unit area scanned;‘ |

3. suwmming the total radioactivify of each spot with appropriate
corrections for any overiapping of neighbouring Spots,
cor;ecting at the same time for background, couﬁting
efficiency, decay time if appropriate and daily instrument
variations; the latter being assessed by means of a fixed
radioactive standard (12) which was counted at the begimning
of each line. | | |

4. TDxpressing the final data gs micro-microcuries for each spot.

In order to tést thé accuracy and reproducibility of
thls nmethod of assaying radioactive substonces on paper chromabo-
grams, 5 pl, 10 pl and 20 pl spots of a solution of glucose~U-Cl4
'containing 200 dpm/1l were spotted in triplicate on six chromato-

grams run overnight in BuOH/acetic acid/H20 (40:;11:25).
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QUANTTITATIVE PATTERY _OF GLUCOSE METABOLISM I RAT - HEART

..

BACKGROUMD IS NOW BEING SUBTRACTED FROM EACH READING, BUT READINGS ARE NOT STANDARDISED
FROM IACHIIE & )

162 25
157 22
157 .32

170 25

N O,

165 20 - 10 3 ‘ . ’ [
157 25 : ) 1 >
155 25 - . ’ , ’ 12 3 n <20
150 27 S ' 5 6 8

165 22

1o 22 . ) 3 10 6 2

157 25

165 22

187 27 1 )
162 22 18 32 13 1 - T 2
155 25 18 55 55 18 6§ ’

a5 32 26 22 10 3 &
162 37 11

145 27

162 .30

160 22

- 162 25
165 25 . -
152 22
157 25
152 25

‘Fig. 9 Typical number mep output from scanner
showing quantitative distribution of
redioactivity on paper chromatogfam of
heart tissue extract after perfusion
with glucose~U~Cl4.
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Each chromatogram af%er'drying was then scaﬁnednoh four

- separate occasioﬁs on each of the six séanners. In this way
variations betﬁeen chromatogramé could be assesééd és Weil
as variations between machines and the reproducibility of

a given machine. Thus in Teble T the mean * s.e.m. value
(dpm/10 p1) given fbr each scanner represents the reproduci-
bility of a given machine whilst the vertical means T s.e.m.

indicate the reproducibility of the spotting and chromatography
_method.
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{

- Reprodudibility of the scannianof a radiochromatogram

containing svpots of different intensities

SPOT

5 pl

10 pl 20 pl Mean dpm/1011
Actual dpm 1000 dpm | 2000 dpm | 4000 dpm | Calci~ 2000 dpm
Scanmer 00 .| 970 % 120 I2090 ¥ 245 | 4160 % 390 2063
] 962 * 128 | 2120 = 238 | 4092 % 372 2050
no 02 ] 1071 % 150 j2006 ¥ 211 | 4185 * 450 2075
"o03 922 % 108 {1996 £ 201 | 3902 % 386 1948
"o 04 1054 * 175 1896 % 260 | 3858 L 410 11939
w05 | 986 ¥ 145]1910 % 198 | ‘4011 % 401 1973
Mean value ‘ + + '
. 994 £ 137} 2003 £ 225 | 4034 T 401 12008
D= SeQelle . . » P siiond
Chromatograms prépared fron glucose—U—-Cl4 (200 dpm/pl and

run overnight in BuOH/acetic acid/H,0 (40:11:25).
Each chromatogram scanned on four separate occasicns on esch

variations in counting a fixed radioactive standard of

polymethylmethacrylate-C™7,

- scanning machine.

Data from conputer output is elready
corrected in the programme for efficiency of counter and

14
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RESULTS (1) oxygen consumption, availability

and requirement in the perfused

The effects of increased contractilitfg(resqlting from
| increased aértic perfusion pressure) and of external work
dqring-atrial perfﬁsion, on the oxygen'consgmption of ﬁhe'
isolated perfused rat heart is shown in Fig 11. ° In the
non-contracting heart, arrested by increased K* concentration
in the perfusion fiuid, the oxygen consumption was ohlyv65%
of that 6f;%he normal contracting aortic perfused (65 cm)
heart. An increagse in perfusion pressure to lOOvcm quught
abouf_a further 50% increase in.oxygen consumption. The mos?

_:dramatio increase_in oxygen consumptidnvhowever was observed
during external work at 20 cﬁ atrial pressure, where the q02
rose to over three times that observed in a Iangendorff |
perfusion at 65 cm HEO préssure. '

The time courée of oiygen uptake by the perfused rat
heart is shown in Fig. 12 both in the presence and absence of
exogenous’substraﬁe. In the initial period after cannulation

 and commencement of perfusion by tﬁévaortic route (100 cm)
there was a drop in the g0, vhich became stabiliéedvhowever
‘within 5-10 minutes. This period of stsbilisation and the
level of oxygeﬁ uptake was independent of the presence or

absence of exogenous subsirate. After 15 mins of preperfusion
g

¥ The term ‘Con'trac{',ihtu' (Zaoquiqt\‘ (q61; Orie,l‘NS) is used to indicate the
force of contraction of the left veatricle in e’xFe“ins its contents asaingf;
the ksa[l‘osta'bio pressure on the - aortic valve. .
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EFFECTS OF INCREASING CONTRACTILITY AND HEART WORK

ON OXYGEN CONSUMPTION

1500} ’ o work 20cms H,0 (8)
: atrial
" 1250 1370
1000}
00cms H.O
750| Ocms 7y
Log (8)
65cms H20 ?;37
500} Lang (10} T
100 cms Lang
High K* @ !4,‘?19
2501 287
4

Units:— ulhy oy wt/mln'

Perfusion Conditions:~ 15mins, drip through with glcose 55 mM.
No.of hearts under each condition given in brackets.

.

High k¥ = 14,2 mu
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EFFECT OF SUBSTRATE -FREE MEDIUM
ON WORK OF RAT HEART

WORK
240~ l oKy SR X

B : S Glucose Il:-ImM.

. 200}
£ -
o) %»,; 160}
o= B Substrate-free
= j20F"

R SRR S

. ) 80_ i

5 eor

}0—: T [ T e Xem e R X

2 £ 40+ Glucose IimM

= Substrate - free

g £ ?Q_

o =

< (@] 5 10 5 20 25 30 35

minutes

g0, as pl[quet[min.
ALl three hearts shown F_re~f>erfused for 15mias.

E aortic Poute (IOO cms. H,_O ressof‘e) then | |
| sw:"ﬁcl\ecl “to a'trial {Jerfusnon (20 cms. H,_O fsressure.).

Pet“FtJSlon me,clwmz-kre,lx— Hense‘ei‘(: bxcoo!gona'&e ‘?U'F{QP'

ey medium contains glucose H-1mM™,

—— medium contains r\o'ao!cleal suLstm'te

e, 1

o
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tﬁe‘switching.of perfusion from the aortic routé to the left
- atrial cannulae with resulting performance of external work,
brought about én immediate steep risein oxygen consumption
Which rapidly stebilised at a value at'ieast double that
dqring the Léngendérff "pfeperfnsion" period; In the presence
of glucose as exogenous substrate this‘high level of'dxygen
cohsumption was maintained. In the absence of exogenous
substrate however there was a marked decline in mechanical
performance_go that after 15-20 mins no external work was |
* being performed. At this point the oxygen consumption alsd
declined rapidly. Hearts showing this failure because of lack
of substrate, recovered the ability to perform external‘work
'when’provided with glucose, (5.5 or 1lmil), or pyruvate, (5mi).
 Hearts perfused for 30 minutes (20 cm atrial pressure)
with 5 mH pyruvate as substrate gave oxygen consumption.

(1929 93 p1/e dry/min) and sortic flow rates (39 ¥ 4 mls/min)

not'Significantly different from the corresponding values
| obtained with glucose 11.1 mM as substrate.

' BEvidence of the stability of the working heartlprepara—
tion as regards oxygen consumpltion and mechgnical performence
is given in Fig. 13. Over periods of nearly three hours the
oxygen consumption, coronary flow rate, and rate of contraction
remained essentiglly stable. After one hour of atrial perfusion,

working hearts showed a decline in the sortic pesk systolic
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STABILITY OF WORKING HEART PREPARATION.

250 k&) [37)] [£-)] ()] n (£ @) ) (&4
230 J = . R ]
15 ] ) " - = ; g 99,
pligwet/min 130 ] Re w9
. ) 23
[y
350 J \NN : '
beats/min 255 J ¢ T * = < = - — HEART RATE
200 ] :
180 4
4 ] .
30 4 - ;
oimn ] . X x : . CORONARY FLOW
) 10 .\-—a[—
ol . ) .
. H - - :
S h_ . ) g — . ACRTIC PRESSURE
1 - . X . (Peak systolic)
0 . .
. WO RK "
s ] : ) .
] mee- |
3¢ Freeyson .
mifmn o 2c ] | T—s—‘—*‘*"\f\'\_’ AORTIC FLOW
10 ) - ; '!’ g
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swite CJ .
No. of heorts inbrackets
- o p?tﬂq! :

\

- - . . ..
Heqr'ts loer“Fuse al ‘gor lS'mms. a"ll: [00cms. %toﬁb!c loressure
then switched to atrial '/Der{usmq at 20cms. H,0 pressure.

Fig., 13

sl L
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EFFECT OF ADRENALINE (I-2x107°M)ON OXYGEN UPTAKE, CORONARY FLOW
AND EFFLUENT OXYGEN TENSION IN THE PERFUSED WORKING RAT HEART.

- % Q0
oo Corongty fiow
&—a  Ettent G, tension

Coromary ~ Adrenaline Efflvent
qo, | Fiow T Adled _— ‘ O, Tension
2 1 .
b Wowettrin] ., mis 1 | Hg
! |
y - }s L300
t I
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!
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22 1 Ny eOr -0 """ 7
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-9 :
100838 0=="" o '
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Valves shown are mean of +three hearts.

fig. 14
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pressure and a corresponding decline in the aortic flow;rate._'
These results (fotje{?ker with the detailed f:kﬂsiolog(ca' nvestigations of
Neeievj et al, 1967 a,b) were considered sufficient evidence for mechaaical sto.l:»’ll'\tj
of the Pl‘efal‘o.'tlon over the fmrioJ ( 30- 45 ming) of the 'sd:seq,uen'ﬁ metabolic investiaqﬁ

Although the fact that there was regularly an oxygen
’tension in the coronary effluent of similar magnifﬁde,
| (>l56mmuﬂt0'that found in arterial blood was some indiéation
Qf-adequacy of é;ygen supply, the possibility stiil had to be
- considered that the working heart could not extract oxygen
efficiently below & certain oxygen tension iﬁ the fluiad
'supplying it. In order to test this posSibility, the oxygen
consunption, coronary flow end effluent p02 of hearts performing
external work were messured before -and after addition of édrena—
line (1.2 x 10~0 ). As cah be seen from Fig. 14, this con-
centration of adrenaliﬁe brought about o rapid rise in the
doronary flow, and the oxygen consumption whilst the effluent
p02 fell by o?er 60 mm Hg.  Consequently the ‘*working' heart
was capable of extracting more oxygen even from an increased |

coronary flow.

IT Effects_of increased contractility snd external work

on the pattern of glucose metabolism

: The uptake of glucose by the isolated perfuéed.rat heart
is showvm in Table 2 For both working and LanseniorFF
_conditions, and in the latter case at both 65 cm and 100 cm
aortic perquion pressure. Increasiﬁg heart contractility by

increasing the perfusion pressure from 65 to 100 cm brought
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TABLE 2

: METABOLIC EFFECTS OF INCREASED CONTRACTILITY AND THE PERFORMANCE

OF BEXTERNVAL WORK BY THE PERTFUSED RAT HEART

Glucose Lactate Pyruvate Medium Glycogen a0,
~ uptake production production L/P Initial | Final
Langendorff | 67.2 £ 2.6 | 17.4£3.1 | 2.03%o0.72)] 9 J105%f6 89 te [362% g2
(65 cm) (16). (12) (7) (15) (13) (7)
_ (n.s.) (n.s.)

Langendorff |110.5 £ 4.3 ] 22.3 % 3.4 | 2.16 £ 0,291 10 96.3%3.6 | 88.1%4.9 [ 783 % 59
(100 cm) - (19) (23) (7) (35) (7) (7
Work -~ 269.7 % 8.6 27.5 £ 8.7 1.88 £ 0.25 ] 14 (96.3) | 62.5%3.4 {1911%79
(20 em (18) (15) (4) ‘ (8) (30)

' atrial) (n.S.) ’ (nos-)

_All~hearts preperfused for 15 mins then perfused under conditions specified
by recirculation for 30 mins with glucose (11l.1 ml) as substrate.

© Units = umoles glucose equivalent/g dry wt/30 mins f s.e.m. (no.observations)
'qoz‘as wl/g dry wt/min.(n.s.) indicates difference (with corresponding result

- of

Langendorff (100 em) experiments) not significant(p

D 0.05).

' I/P denotes ratio of lactate and pyruvate concentrations in perfusion medium.
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about an increase (65%) in the glucdse upﬁaké without
'_corre3ponding-increaseéIin lactate or pYruvat¢“§utpqt.
The mobilisatioh of giycogen in thé'tWO'Situations was
- also not markedly different. |
‘Causing the perfused heart to pérforﬁrmechanical work
- at 20 cm atrial pressdre brought about a further pronounced
increase (145%) in the glucose uptake with only small
cnanges in lactate and pyruvate output (not significant at
5¢% level). In,thls case however uhere was a s1gn1flcanu
reduction in the glycogen remaining in the heart after 30 min
of perfusion. | -

Purther informaﬁidn on the effects of heart work on
the pattern of glucose metabolism is provided in'Tab;e 3
where the overall fate of rédioactive gluCOse—U—Cl4 is shdwn
under both 'working' and 'non—working' conditions. The pattern
of glucose metabolism xevealed shows a doubling of the anmount
of -glucose oxldlsed to 14002 when the perfusion pressure was
increased from 65 c¢m to 100 cm. The performance of external
work brought about a further increase of 200%. in 14602
production but no increase in the formation of Cl4 lactate
ffdm glucose, Despite the increased mobilisation of glycogen
shown in Table 2 the amount of C% label found in heart
'glyCOﬂen after perfusion with C 14 glucose rose with cardiac

work (Table 3)
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TABLE

PATE OF GLUCOSE-U-CL4 IN THE PERFUSED RAT HEART

EFFECTS OF INCREASED CONTRACTILITY AND THE PERFORMANCE O EXTERNAL WORK

Glucose 'Cl4lactate Cl4intermédiates 014 as 14 % respiration
‘1 uptake output in tissue glycogen 002 acgounted for
: ‘ ' ¥y glucose
oxigation
Langendorff 67.2 - 11.2 ¥ 1.5 12.6%1,5 | 33.0 £ 2.7 41% £ 4
(65 cm) . (7) (7 -~ (10) (n.s.)
La.?gendorff 110.5 | 25.2* 2.8| 19.0 % 3.2 3.2%0,5 | 65.4 % 3t E 4
100 em) | (9) (20) (1) (7) |
Wogl | 269.7 | 19.3 % 37.2 % 3.6 7.4%1.4 1196.5% 8.6 |  46% % 3
20 cm
atrial) <§f’§ ) (7) (7) (24) (n.s.)

‘A1l perfusions by recirculation for 30 mins with glucose (1l.1 ml) as
umoles glucose equivalent/g dry wt/30 mins ¥ s.e.m.
N.s. indicates difference with Langendorff (100 cm) heart not significant (p> 0.05) °

Units

substrate.
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DARIE 4
“BEFTECTS OF PERFORMANCE OF HEART VWORK AND OF INSULIN

ON RADIOACTIVE INCORPORATION OF ¢4 FROM GLUCOSE-U-¢*
. INTO METABOLIC INTERMEDIATES IN PERFUSED RAT HEART LUSCLE

LANGENDORFF - WORK WORK & INSULIN
100cm aortic 20cm atrial 20cm atrial
pressure pressure pressure
(4) (4) : (4)
Oligosaccharides | 1.0 £ 0,2 3.7%0.5% | 17,3 % 3,5t
Hexose phosphates | 0.8 ¥ 0,2 0.4 £ 0.1 2,9 % 0,4t
Glucose 8,0 ¥ 3,0 {11.1% 3.1 10.8 £ 3,2 ¢
Aspartic acid 1.5 t 0.5 4.4 % 0,9 6.5 £'1,2
Glutamic acid | 2.3 £ 1.0 8.1 % 2,ar]  15.1% 24"
Glutamine . ] 0.6 L 0.2 1.9 £ 0.5% 2.2 £ 0,7
Alanine Jo.sto. 2,6 ¥ 0.5% 2.2 £ 0,5
Citrate cycle L 3 4+ A oy +
aCidS Of4 - Ool 105 - 0.2* 403‘“ 004T
Lactate 3.6 £ 0.8 2.6 £ 0.7 8.6 £ 1,47
Unknowns Jo2foa 0.7t o0.2 } 1.4 Zo.2f

Results aS‘gmoles glucose eguivalent incorporated/g dry wt/30

mins (mezn £ s.e.m.).

* denotes significant difference (p<:0 05) between work and
Langendorff resulivs.

+ denotes significant difference (p(’O 05) between
work + insulin and work - 1nsu11n results.

Substrate:~ glucose 11.lmil % jnsulin (2mU/ml).
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» Fufther details of the heart ct? inté:mediates is
given in Table 4.  This data has been obtained by the
iquantitativé radiochromatography scamning technique;qsing
computerised number 'mapé"similar to those showﬁ in Fig.9.
VThe effecf of heart work was to bring about an overall |
increase in the radioactivity associated with hexose
" phosphates, citric acid cycle intermediates,voligosaccharides
and amino acids. _ |
Deépite‘the marked increase in glucose uptake and
glucose ;Xidation associated>with inereased contractility '
and the performance of eiternal work for 30 minutes, there
was no corresponding increase initially in the percéhtage
of the total respiration which could be accounted .for by
glucose oxidation. In both ﬁorking and non-working hearts
“oxidation of exogenous glucose accounted for approximately
40% of the respiréﬁibn during this period. Consequently
increasing heart work stimulated the oxidation of both
-exogenous and endogenous fuel. This'was confirmed by
ezperiments in wﬁioh the fime course of glucose uptake and
oxidatioh was followed for perfusion periods of 15, 30
and 45 minutes. As the results of Table 5 show, in longex
perfusion periods there was a pronounced increase in the rate
‘of glucose uptake and of 14002 production from this exogenous

substrate, the proportion of glucose used for respiretion rising uvntil
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. DARIE 5 :

EFFECTAOF VORKING TINME ON RATE OF GLUCOSE UPTAXKE

AND METABOLISM IN PERFUSED RAT HEART

Perfusion | Rate of | Rate of Rate of | % respiration
time Glucose Lactate 1400 accounted for
uptake output 2 by glucose
formation oxidation
0-15 mins | 180 ¥ 7 | 36,3% 7,7 | 127% 8 30
(20) ‘ ' '
15-30 mins | 264 £ 8 | 17.8% 3.6 | 214t ¢ 50%
- (12) '
. + + 4 o k- ‘a0t
30-45 mins { 450 = 10 | 30.6 = 4,7 382 ~12 79%
(12) |

A1l hearts preperfused for 15 mins at 100 cm aortic pressure, '
then switched to atrial perfusion at 20 cn H20 pressure for
times indicated.

Glucose 11,1 mM (without insulin) as substrate.

q02 velues used for caleulation of contribution of glucose
to respiration teken from data of Fig. 13.

Units = pmoles glucose equivalent/g dry wt/30 mins % s.e.m,
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nearly 80% of the respiration could be accounted for by
glucose ox1dat10n.

Glycerol output. In view of the results indicaﬁina

1ncreased utilisation of endogenous substrate by the perfused
rat heart performing mechenical woxk, determinations of glycerol.
released into the perfusion medium were carried out. The‘
results'wefe sufprising in that they revealed that the glyceroi
concentration in the perfusion medium after 2‘mins of re-
circﬁlation perfusion was as high (approx. 30-40 pM) as that
obtained after 30 mins of recirculation irresPective.of whether
- Langendorff or working hearts were being used., It was con-
cluded that glyoerql release was not a réliable indexvof

utilisation of heart glycerides.

Ti1 Effects of insulin and cardiacvwork on_glucose metabolism
The effects of insulin on glucose uptake, lactate
production and nett heart glycogen content in both Langendorff

(100 cm) and ‘working' perfused hearts are given in Teble 6.
In Langendorff hearts, insulin increased glucose uptake by
- 106%, lactate production by 152% and increased cardiac glycogen.
~'In working hearts the effects were similar (glucose uptake
+ lOOp,lactate production + l90p) and the loss of glycogen
normally observed in working hearts was prevented.
The:fate of radiocactive glucbse—-U-—C14 in the presence
of insulin is summarised in Table 7.  Apart from the effecis

already described on lactate production and glucose uptake,
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TABLE 6

METABOLIC EFFECTS OF INSULIN IN THE PERFUSED RAT HEART

( - insulin)

Glucose . Lactate Pyruvate {Medium " Glycogen 40
uptake production | production | L/P Initigl Tinal 42
Langendorff | 228 19 156,3% 4,4 | 6.3% 11 J 96t 136t | 731t 24
(190 em) (6) (13) (6) (35) (6) (6)
% increase ,
over control | + 106% + 152% + 192% n.S. - + 53% NeSe
(- insulin) |
Work (20 cm 538 £ 17 | 79.9 £10.8 | 7.5 £ 1.6 15 96 £4 11083 | 2024 % 101
atrial) (15) (19) (8) (35) (13) (7)
+ insulin '
% increase : _
over control | + 100% C o+ 190% + 300% n.s. - + 73% n.s.

All perfusions by recirculation for 30 mins with glucose (1l.1 mlf) as substrate.

Units = umoles glucose:equivalent/g dry wt/30 mins

+

Insulln used at 2 mU/ml during recirculation period only.
L/P denotes ratio of concentrations of lactate and pyruvate in perfusion medlum.

' :q02 as Hl/g dry wt/min.

n.s. = changes not significant. .

< s.e.m.(no.of obserVatlons)

(p > 0.05).
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TABLE 7

PATE OF GLUCOSE-U-C14 IN THE PERFUSED RAT HEART

EFTECTS OF INCREASED CONTRACTILITY AND WORK IN PRESENCE OF INSULIN

' | 14 14 14
Glucose 014 lactate : 9—~ - e a8 002
wotalke ot put intermediates glycogen -

in tissue
Langendorff 228 57.6 £ 6.1 38.8 £ 3,2 21,2 % 4,2 112.7 ¥ 6.8
(100 em) (16) - | (6) (6) (6)
~+ dnsulin |
% increase v ' o
over control |} + 106% + 128% + 104% + 562% + 73%
( - insulin) |
- o S s
Work | | -
| (20em atrial) 538 83.8 £ 17,3} 72.1% 2.8 26.0 £ 3.6 333.6 £
'(_+ insulin ) (7) (7) - (16) (12)
% increase ! I )
over control + 100% + 334% + 94% 1+ 513% + 70%
( - insulin) :

Condltlons as for Table 6

Units: umoles glucose equlvalenu/g dry wt/30 mins £ s.e.m.
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thiS‘reveals‘strikihg increases in:the 14C02 formation fronm
glucose (+ 70 to 73%) and in the Cl4vlabel in heart'glycogén
(+ 513 tovs'sés’é) and tissue intermediates (+ 94 to 1045%) in
both,Langendorff and working hearts. - The results obfained '
by appliéation of the radioactive chromatographic scanning
method to hearts perfused in the presence of.insulin-(2 mU/hl)
are included in Table 4. The increases brought about by
 insdlin were mainly in the incorporation of 014 label into
oligosacéhap;des, lactate, hexose phosphates, and amino acids.
In view of the fact that thé action of insulin has been

suggested as bringing about an increase in cell perneability
(Levine and Goldstein, 1955) the effects of increasing glucose
concentration on 14002 productioﬁ, lactaﬁe formation and glucose
uptake in the Langéndorff heart were examined. There was a rise
in glucbée uptake as’the substrate concentration was raised
from 1 to iO il but beydnd this, further increases in.ezterhal
gluéose concentratioﬁ were without significant effect on
gludose uptéke and oxidation (Table 8). The high levels of
glucose uptake and oxidation, of lactate formation and
‘incorporation of Clsz intoc glycogen, achieved in the presence
of insulin could not be reproduced by increasing glucose
concentration. |

- lleasurements oﬁ the sorbitol and glucbse,spaces in working

hearts (as described under "experimental!) gave values of
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"TABLE 8

EFFECT OF GLUCOSE CONCENTRATION ON 01402 PRODUCTION, C-VTACTATE PORMATION
“AND GIUCOSE UPPAKE IN TANGENDORFF PERFUSED HEART -

Glucose Glucose 1400' l4C—Lactatev 14C—Glycogen

Concentration Uptake 2 :

1 om (3) 355 3,70 2204241 ) 13.3% 2.2 | 2.1%0,3

3 ml (3) 56 % 4.2] 35.7 % 4.4} 231 %42 | 2.1 % 0.6

5 mM (6)  {119.% 7.6} 60.2 £ 3.6 § 22,9 % 2.1 2.8 £ 0.4

10 m (6) 140 £ 12 | 74.9 £ 3.6 | 28.7 % 3.5 42 i1

20 mi (3) 154 £ 17} 79.8 £ 4.8 | 28,0 £ 3,2 4.2t 0.8

10mM + Insulin (6) j245 £ 9 J112.7 £ 10,2} 74.2 L 8.5 | 14,7 £ 1.2

‘All hearts perfused for 30 mins by recirculation.
‘Insulin, when present, used at 2 mU/ml.
+

Units: U moles glucose equivalent/g dry wt/30 mins (mean = s.e.m.)
No. of hearts at each concentration in brackets. :



© 97

502 £ 16 p1/g for the sorbitol space which was ‘unaffected
by the presence of insulin, whilst the giucose~$paces were

444 L o7 n1 /e (without added insulin) and 463 i-?2 wl/g

. (in the presence of 2 mU/ml insulin). Thus since the glucose
space remained less than the sorbitol space (unlike in the
Langendorff heart perfused in the presence of insulin) no

ihtracellqlar accunulation of glucose was demonstrated.

TV Production of.insulin deficiency by means of anti-insulin
In considering the results giﬁen above, it should be
borne in mind thaf the control hearts (i.e. pe:fused without
added insﬁlin) 8111l contained endogenous tissue insulin.
'Forithis reason,‘insulin deficient hearts were of interestAand
were obtained by pretreatment of donor rats with anti-insulin
serum. The efficacy of this anti-insulin serum prepared in
guinea pigs as describéd above, in producing hjperglycaemia
in donor rats is shown in Pig. 15, Increasing the amount of
anti-insulin antibody injected had little effect on the degree
of hyperglyoaemia,'but~inf1uenced,the time taken for the blood
glucose level to return to normal. Hearts were therefore
rembved from rats rendered insulin deficient, 1 hour after

injection of the anti-insulin serum.
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v Effects of insulin deficiency on the‘pattérn of gzlucose

metabolism.

The striking effect on cardiac gludose met&bélism of
* pre-treatment of the donor rat with this potedt anti-insulin
"~ serum is shown in Table 9 which summarises the fate of ct4
glucose in these hearts. Flgs. 16 and 17 show autoradio-
gfaphé and scanhing maps of chromatograms of heart extracts
iﬁ the Iangendorff-expériments. | In the Langendorff hearts,
pre-treatment of the donor rat‘to deplete cardiac insulin
resulted in a 1owerihg in glucose upfake ( - 55%), glucose
metabolism to G- lactate ( = 50%), and glucose oxidation.to
14002 ( - 55%) as well ag in the incq;poraiion of 14C~g1dcose
into glycogen ( - 75%). The number maps é.nd autoradiographs
show a striking effect of insulin deficiency on the incorpora-:
tion of 40 from glucose 1nto ollgosaccharldes and hexose
phosphates.

| In contrast to these results, in the working heart
preparation there was no significant difference in the amount
- of either.giucose ﬁptake or glucose oxidation to 14002
between}normal heartS'ahd insulin depleted hearts. The
difference in inéorporation of C14 into glycogen however
was still épparent ( - 170%). The addition of insulin to
the'perfused hearts from anti-insulin treated rats, restored

glucose upﬁake, Cl4~lactate, 14002 and 014 incorporation into
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PABLE 9

TATE OF GLUCOSE-U~014 IN THE PERFUSED HBEARTS OF INSULIN DEFICIENT RATS

'EFFECTS OF CARDIAC WORK AND OF INSULIN (IN VITRO)

17 '
144 ‘ c. 144 L4 tissue 14002
Glucose Glycogen Lactate |Intermediates |
| uptake
(a) Tengendorff Hearts (Aortic Pressure 100 cms) _ :
Control 142 * - 4.2%0,8 ] 28,7% 3,3} 21.2%4.1 ) 74.9% 9.1
(9) : -
*Control + insulin . " + - +
(in Vitl‘O) 228 ~ 9 .' 2l.2 ~ 404 5706 -— 6.1 3808 ad 302 11207 - 608
| (6) |
Anti-insulin treated | 63 %8 | 1.1% 0.6 | 18.2 £ 3,3 ] 11.7 £ 1.3 ] 33.6 £ 4.6
[ (6)
Anti-insulin treated + . + + +
+ insulin 247 £ 24 | 35.2% 5.6 | 38,2% 7.4 46.4 % 8.2 | 100.8 ¥ 9.6
(in vitro) (6) |
(b) VWorking Hearis (Atrial Pressure 20 cms)
Control 249 L 5.9 1,5 | 23.5%2,9}] 41.6L5,2 {185 %21
| (6) , A
Anti-insulin treated 289 £ 19 | 2.2%f 1,2 | 11,4 % 24,2 L 6.6 | 233 £ 28
(6) ~ |

All perfusions carfied out by recirculation for 30 mins.
~ Insulin, where present, used at 2 mU/ml in perfusion fluid.

Substrate:—-
-Units:-
Mean =

Glucose 11 1 mid,
pmoles glucose equivalent/g dxy wt /30 mins.
s.e.m. (Number of experiments)

* indicates data from Table 7.
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glycogen to normal ( + insulin) levels, so thatéthe effects
of»insulin‘defieiency induced by anti-insulin_seiu@'were
completely reversible., The striking effects'of anti—insulin
~treatment on eérdiac glucose metabolism and the interesting
differences between working and non-working hearts under
these conditions suggested the investigations which followed

on other methods of producing 1nsu11n deficiency.

VI Metabolic comparison of aslloxan and streptoéotocin induced

diabetes

The known disedvantages associated with the use of al]oxan
(see below) made it of interest to study the characterlstlcs
of the chemically induced digbetes resulting from the adminis-
tration of the aﬁtibiotic streptozotocin. Rats given a single
-injection 65 mg/kg 1.v. efvstreptozotocin developed hyperglyeaemia
(Fig. 18a) glucosuria and polyuria (Fig. 18b) within 24 hours of
dosaée. Although appetite was normal there was rapid loss of
body weighf (Table 10). At the same time there was generalised
lipolysis which resulted in a transient inerease in serum free
fatty acids (Fig. 19za) and blood ketones (Fig. l9b); Vheress
these changes were only observable for the first 1 -~ 5 days
after treatment, the hyperglycaemia and glucosuria persisted
for at 1east 4 menthsf

In the case of alloxan disbetes, the results confirm
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STREPTOZOTOZIN DIABETES : EFFECTS ON BODY WEIGHT, FOOD INTAKE, URINE VOLUME

Urine Volume| Body Weight
{ris} {gms)

ucim )
130 4
120
10
. 160

~O- BodyWeight
- ~#~ Food Intoke
~O~ Urine Volume

Streptozctozin : Food Intake -
injected " (gma)

o Valws indicate mean of b rabs -

DAYS

182,

=1
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Fig. 18 (b) Comparison of blood glucose concentration
) following injection (65 mg/kg i. v.) of
. : strep’cozotomn or a.lloxan. , .

No(rg;l St day (&) -§3day(l,) ssmgc) S'Idayé?) Alloxan (lz)

-500 : . AN
- 20 BN gﬂ
- P~ ~ - b r3 :
. A "~ - _(: | ) s .

Blood /’; i :
Glucose | . i
mg% [0 / 4 jidiin

:Tt" i
-100 : ] HE
= ]

51, S3, S5, 87 indicetes days after dosage with
’ streptozotocin.

Alloxan animals used 48 hours after dosage.

No of rats 1a brackets.
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STREPTOZOTOCIN—INDUCED DIABETES

EFFECTS.ON BLOOD GLUCOSE, URINE GLUCOSE, BODY WEIGHT

Day O 1 day | 3 days 5 days 7 days 96 days
Blood glucose|1l5 % 5411 % 28 {352 = 22 |533 % 18] 501 * 16} 480 £ 42
mg/100 mls (5) (11) (9) (6) (5) (3)
io'ssofbodywt - 22 £ 3 34 13 6ts | s1te log2% 3
- 8. (11) (10) (10) (17) (3)
Urine gluoosé - 24 L 4 75 <8 92 £ ¢ 90 ¥ 3 936
mg/ml - (6) (6) (6) - (6) (3)

No. of anl}mqls' slvan‘b in brackets. '

All animals received a single injection of 65 mg/kg
intravenously of streptozotocin (25 mg/ml in aqueous
saline at pH 4). Initial wt 280-320 g.

Access to water and food was unrestricted.




e e A e

109

Flg. 19 (a) Comparlson of plasma FFA concentratlon
following injection (65mg/kg i.v.) of
streptozotocin or alloxan.

>

o N s s3(0) SIONEIC ()

Plasma
FFA
' moles/1
_ K ] ZS/ 1500

i

1000

500

e

8l, 83, 85, 87 indicates days éfter dosage with
streptozotocin.

A indicates alloxan animals, 48 hours after dosage.

N indicates normal animals. No. of rats n brackets.



110'

- Pig. 19 (b), Comparison of blood Bhydroxybutyrate
concentration following injection
with streptozotoein or alloxan.

‘Blood [19
BHOB

M mole/:

SRR OSN
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COMPARISON OF IN-VIVO EFFECTS_OF STREPTOZOTOCIN AND

ALLOXAN DIABETES ON RATS

h Strepto--
. - N Alloxan
Type of animal Normal zotocin .
: o diabetes. . diabetes
Blood~glucose 109 t 6 445 t 25" 527 * 16"
(mg/100 ml) (9) (8) (14)
o + + + *
Plasma—FoFvo 00574' ot 00038 00667 - 00083 2.076 -~ 00307
(nmole/1.) | (9) (8) (9)
Blood-ketones | 0.19 ¥ 0,09 | 0.49 % 0,19 7,62 £ 0.63"
(pmole/1.) - (8) - (6) (15)
Heart glycogen 20,7 % 1.6 17.8 £ 1.3 41.8 ¥ 3.7*
(in situ) () (14) (4)

(kmole/g)*

Streptozotocin animals used 7 days after 65 nmg/kg i.v.
Alloxan animals used 48 hours after 65 mg/kg i.v.

" A1l values per g wet weilght and expressed as means +

standard error of mean (number of hearts analysed in brackets)

* Denotes p values € 0.05 compared with normal.

+ Expressed as glucose equivalents.
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'”fhét‘48 hours afterAa single administration 6ff65mg/kg
alloxan 1.v. the hyperglycaenmia was aécgmpaniédtby:véry

high circulafing free fatty aclds and kefone bodies and a
éignificantly elevated cardiaé lecogen content in situ.

This was in marked cohfrast with the normal levels for |
these parametersvSeen iﬁ the sfreptozotocin treated rat

7 days after treatment (see Table 11).
| In view of these interesting differences, the’éffectsv
of streptozotocin and alloxan diabetes on the levels of
hexose phosphafes, citrate and glydogén in perfused Langen;‘
dorff hearts were compared. in view of the earlier studies
of Randle et al. 1963, 1964, on alloxan diabetic animals é
similaf experimental. design was used, i.e. a drip~thfough'
"non-recirculation systen with Langendorff perfusion at 65 cm
H20_pressgre using glucpse (5.5 mi1) as substrate in the
presence of O.l’unit/hliof insulin. The results of this
comparison of streptozotocin diabetic rats (1, 3, 5 and 7
-days after dosage) with alloxan diabetic rats (48‘hoars after
dosage) are shown'in Pig. 20 (hexose phosPhates and citrate)
“and Fig. 21 (glycogen). | .

In alloxen diabetes the perfused heart showed increases

in cardiac glycogen content, GOP, FOP and citrate and a
decrease of £DP, thus confirming the results of Randle et zal.

(1964), Regen et al. (1964) and Bowman (1965, 1966). 1In
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20(a) Cardiac content of hexose phosphates

after perfusion (15 mins at 65 cm
aortic pressure) with glucose (5.5mM)
‘and insulin (100mU/ml). |
Comparison of streptozotocin and
alloxzan diabetes. ' '

: nmo[es!g
. 600

400

200

" Hexosemonophosphate
and FDP
Normal Slday S3day = S5day S7day Alloxan

© @& © © @@ @

. 0-3 007
Mass action ratio

No. of hearts awen in brackets .

 shaded areas = G6P+ FLP conteat

unshaded areas = FDP content
mass action retie = FDPZip. Fop



114 ’

- Pig. 20 (b) Comparison of streptozotocin and alloxan
' diabetes. Cardiac content of citrate.

(Conditions as in Fig. 20a)

N () _ 51 (L) ss(é) | ss@) 57(12) |

Citrate

>
~~
RN

‘ ‘nmoles /g v

400 ¢

N

o

O
)

.JlllllI!HIHHH!IIIIHHH[HIHIH[U}

Lt

No o‘E__‘_seqrfS n l)mc.‘(eft“s. '
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Fig, 21 Cdmparison of streptozotocin and alloxan
diabetes. Cardiac content of glycogen.
(Conditions as in Fig. 20a)

ormal (¥ s1(0 s30) s5 () s7 (v (3
AR v |

i R

fielnl &

Glycogen

) oM .Alloxan
301 MMfg

T
EUSNENENEERASE TSRS
usssESSENERESONSaS N

+ H 11t
seseRsEaniRARRsEARRa Kun!

10 ¢

1ol

No . of b.eacts.‘-m..,_b@:k@ts_._ e

Glycogen as uUmoles glucose eguivalent/g wet wt.
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EFFECTS OF STREPTOZOTOCIN AND ALLOXAN DIABETES
ON CONTENTS OF GLYCOGEN, HEXOSE_PHOSPHATES

AND CITRATE IN PERFUSED RAT HEART

(nmole/g)

Strepto- A1loxan
- Normal zotocin . o
diabetes diabetes
Glycogen 22,2 L 2,31 15,2 % 1.1 | 30.0 % 1.2"
(kmole/g) (8) (8) (8)
Glucose~6-phosphate 167 £ 10 147 £ 16 298 * 16"
(nmole/g) (13) (7) (15)
Fructose-6-phosphate 36 % 3 34'i 3 66 £ 3*
(nmole/g) (12) N (15)
Fructose-1,6-diphosphate 69 £ g 57 ¥ 10 o3 L 3
(nmole/g) - (13) (17) (14)
Citrate 182 9 139 * 11 464 T 38"
(8) (7 (14)

* Denotes p values { 0.05 compared with normal.

Streptozotocin animals used 7 days after 65 mg/kg i.v.
Alloxen animals used 48 hours after 65 mg/kg i.v.

All velues per g wet weight and expressed as means s
standard error of mean (No. of hearts analysed in brackets)
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cohtrast,'streptozotocin showed similér changes tb alloxan’
at 1 and 3 dé&s but at 7 days the cardiac gljcogen'and
citrate levels of the perfused streptozotocin diabetic heart
}Were decreased while levels of G6P, F6P and FDP were no
longer significantlyAdifferent to normal values (see Table 12).

, A comparison was then made of the patitern of cardiac
glucose metabolismvusing rats with these two types of induced
diabetes as well as the acutely insulin deficient animal
described above. | 7 |

In Table 13, the metabolic effects of étreptozotocin

diabetes and cardiac work in the perfused rat heart are |

014 in perfused

summarised. Data on the fate of glucose-U-
hearts from streptozofociﬁ diabetic rats is given in Table 14.
In Langendorff perfused hearts the glucose uptake, lactate
productiqn,.l4002 production and incorporation of 014 into
glycogen were all significantly reduced by streptozotocin
induced diabetes whereas the pyruvate production was markedly
elevated. In the corresponding working hearts, the glucose

~ uptake, 14002 production and lactate production were no

~longer significantly different to normal. 014.incorporation
into glycogen however was still depressed despite the stimu-
lation of cardiac work. The pyruvate outpul remained

significently elevated in sireptozotocin disbetic hearts

performing mechanical work.



TABIE 13

METABOLIC EFFECTS OF WORK IN THE PERFUSED HEARTS

OF RATS RENDERED DIABETIC WITH STREPTOZOTOCIN
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(n.s.)

(n.s.)

Glucose Lactate Pyruvate | Medium | Glycogen
uptake production | production /P
(a) Langendorff Hearts (Aortic Pressure 100 cm) ‘
Diabetic (12) 57.1 ¥ 4,1 | 16.0% 3.6 9.1 % 1.2 2 87 X 17
% change from normal control -~ 48% - 28% + 320% - 80% 0
(n.s.) |
(b) Working Hearts (Atrial Pressure 20 cm) , :
Diabetic  (8) | 246 £ 12 22t 5 5.2 % 1,7 4 74 £ 9
% change from normal control - 8.5% - - 18% + 175% | = T1% + 19%

(n.s.)

All hearts preperfused for 15 mins at 100 cnm aortlo pressure then by reclrculatlon for ,
30 mins under conditions specified.

Substrate:~ glucose 11,1 mil.

77 % 8 umoles glucose equivalent/g dry wt

(n.s.) indicates difference not . statistically significant (p > 0.05)

Units:-~ Mmoles glucose equivalent dry wt/30 min (mean ¥ s,e.m.)

Initial. glycogen at TO (i.e. after preperfu31on period) =
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TABLE 14

PATE OF GIUCOSE-U~c 4 TN THE PERTUSED HEARTS OF DIABETIC RATS

EFFECTS OF CARDIAC WORK

z STREPTOZOTOCIN DIABETIC RATS

14002 l'4(}-in1:ermediatc'as g g a0,
- in tissue glycogen

(a) TLengendorff Hearts (Aortic Pressure 100 cm)

‘Diabetic (8) 23.7 ¥ 4.1 19.5 = 2.7 2.1 0.2 j 720% 33

% change from normal control ~ 64% (n.s,) ~ 34% (n.s,)
(b) Working Hearts (Atrial Pressure 20 cm) ,

Diabetic (10) 199 * 10 33.4 £ 2,5 2.4 Y 0.2 j1725% 90

% change from normal control - (ne.s.) ~ 10% (n.s.) - 67% -10% (nes. )

All hearts'preperfused for 15 mins and theh'ﬁygrecirculation for 30 mins.

Substrate glucose 11.1 mi (n.s.) indicates differences not significant (p > 0.05)
Units:— dmoles glucose equivalent/g dry wt/30 min (mean t s.eum.)
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| Corresponding data for'alloxan diabetio hearts is giﬁen
in Table 15 (gluCose uptake, lactate and pyruvate output,
glycogen content) and Table 16 (fate of glucoseéU—Cl4).
"Again glucose uptake, lactate production, 14002 from

glucose-U-cl4 14

and incorporation of C into glycogen were
markedly reduced in Langendorff perfused alloxan diabetic hearts.
In this case however, although the performance of cardiac work
yagaln prov1ded a metabolic stlmulus (as judged by the rise in
q02, in glucose uptake and 4002 production) alloxan disbetic
working hearts still showed significantly impaired glucose
uptake-and oxidation compared to either normal or sfreptozotocin

diabetic working hearts.

Vit BEffects of insulin (in vitro) on the vattern of glucose

metabolism in hearts from disbetic rats.

- Considerable differences were observed in experiments on
~the effects of insulin added (in vitro) to the perfusion medium,
on perfu's}ed hearts from diabetic ra‘bs,(see. Tables |7 and 18)

WVhilst, as described above_(Table 9). insulin in vitro
completely restored the glucose uptake and oxidation to normal
values (i.e. to gire a full insulin effect) in Lengendorff
hearts from anti-insulin serum treated rets, in both streptozotocin
~induced and alloxan induced diabetic rats the perfused working
heart did not show normal maximal rates of glucose oxidation

on the addition of insulin. However the incorporstion of C14
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TABLE 15

METABOLIC EFFECTS OF WORK IN THE PERFUSED HEARTS OF RATS

RENDERED DIABETIC_WITH ALLOXAN

normal control

Glucose Lactate Pyruvate Medium | Glycogen
uptake production | production /P content
(a) ZIangendorff Hearts (Aortic Pressure 100 cm)
Alloxan(b%abetic,' 68.8 %t 8.2 1 18.3% 5.8 }13.8 % 4,9 1.5 gg t g
- 4). : .
% change from - 38% - 20% + 585% - 85% (n.s.)
normal control -
(nes.)
(b)  Working Hearts (Atrial Pressure 20 cm)
| Alloxan(Dj).abetic 8o tsg 59.4 & 45.9 t 5,7 1.4 49 t 4
5 ;
% change from ~ 0% + 115% + 2300% - 90 ~ 21%

Inltlal glycogen 70 (i.e. aLter preperfu81on nerloa)

Substrate:
Units:

glucose 11,1 mM.
pmoles glucose equiyalent/g dry wt/30 mins (mean t s.e.m.).

128 £ 10 pmoles glucose equiv/g.

All hearts preperfused for 15 mlns and then by recireculation for 30 mins.
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TABLE 16

FATE OF GLUCOSE-U-~C 14 IN THE PDRPUS“D HEARTS OF DIABETIC RATS

ZFFECTS OF CARDIAC WORK

ﬁ ALLOXAN DIABETIC RATS

14CO2 14C~intermediates 140 as glycogen q02
' in tissue
(a) Iangendorff Hearts (Aortic Pressure 100 cm)
Alloxan Disbetic . i 10 % 4 ; 22,0 £ 1,5 i 1.4 £ 0.4 1 714 i_72
' E ; |
A e ‘ , . _
G tor | e | (e st | e
(b) Working Hearts (Atrial ?ressure_20 cm)
Alloxan Disbetic | 48 £ 5 23,9 £ 1.4 £ 0.2 %2227 £ 139
(5) i
i i
o, .
% change from _ _ gl A - =
normal control 76% TR o7 Z 17% (n.s.)

l

A1l hearts preperfuued for 15 mins and tnen by recirculation for 30 mins.

Substrate:-~ glucose ll 1 mM, - :
(n.s.) 1ndlcates differences not 51gn1flcant (p.0.05).

a0, as ul/g dry wt/hln.; g

All other differences

significant.

Units:- umoles ‘glucose equlvalent/g dry wt/30 mins (mean ¥ s.e.m.)
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élucose.intq'glycogen was not significantly below normai
values affer insulin addition to Langendorff streptozotocin
diabetic hearts desy1te a marked depre581on (- 58%) of
_'glucose oxidation to 14002. ‘
A striking feature of the results in working strepbo-

zotocin diabetic hearts was the lack of effect of insulin on
~ glucose-U-C* oxidation to 1400, (cf. Table 14 and Table 18)
.‘despite en increase in glucose uptake and sbnormally high
lactate and pyruvate production (cf Table 13 and Table 17).
A large proportion of the additional glucose uptake brought
about by the presence of insulin ( + 159 pmoles/g) could. be
accountedAfor by the increése in lactate (+ 113 pmoles/g) and
pyruvate ( +16 umbles/g). The laététe/byruvate concentration
| ratio in the mediumvremainéd significantly below the éontrol
value. Again in.working~étreptozotocin diabetic heérts,
insulin restored the incorporation of 146 from glucose into
glycogen to}wiﬁhin normal limits despite the depressed oxi-
dation of 14C—glucose. _Alloxan diabetic working hearts
 perfused with glucose and insulin continued to show depressed
glucose upteake, 14602 production, and incorporation of 140
from glucose to glycogen when compared to normal hearts with
insulin, althongh all of these parameters showed some increases

in the presence of insulin (ecf, Table 16 and Table 18).
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TABLE 17

METABOLIC EFFECTS OF INSULIN IN THE PERFUSED HEARTS OF RATS RENDERED DIABRIIC
IT WITH ALLOXAN

T WITH STREPTOZOTOCIN

Glucose - Lactate Pyruvate - Medium Glycogen
uptake production | production /P .
(a) ZIangendorff Hearts (Aortic Pressure 100 cm)-
-~ Streptozotocin Diabetic T + +
+ insulin (14) 201 £ 11 90 £ 10 | 18.8 %2 5 99 t 13
% change from normal
+ insulin ~10% (n.s.) + 61% + 2006 - 70% - 26%
(b) Working Hearts (Atrial Pressure 20 cm)
Streptozotocin Diabetic + "
+ insulin (11); 405 £ 331 .135%17 21 £ 3 6 73%8
% change from normal o , ,
+ insulin - 25% + 69% + 180% - 165% - 32%
Alloxan Diabetic + + -
+ insulin (8) 316 = 25 108 = 18 - - 120 = 19
% change from normal , i
+ insulin ‘ T = 41% +35% (n.8.) + 11% (n,s.)

All hearts preperfused for 15 min &t 100cm aortic pressure. Substrate: glucose 1l.l mil.

‘Insulin used at 2mU/ml in vitro. Initial glycogen at TO (i.e. after preperfusion period)

= 77 £ 8 pmoles glucose equivalent/g dry wt for streptozotocin and 128-10umoles glucose

equivalent/g dry wt for alloxen. ) v
Units: Wmoles glucose equivalent/g dry wt/30 mins (mean * s.e.m.)

\

(n.s.) indicates differences not significant (p> 0.05
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TABLE 18

EFFECTS OF INSULIN ON FATE OF GLUCOSE—U-C14

IN THE PERFUSED HEARTS OF RATS RENDERED DIABETIC

I WITH STREPTOZOTOCIN

IT WITH ALLOXAN

L4g0,, M4 gissue 140 as 10,
_ intermediates glycogen
(a) Iangendorff Hearts (Aortic Pressure 100 cm)
Streptozotocin Diabetic + j + b +
+ insulin (8) 47.9 = 4.8 33.7 = 4.4 18.1 = 1.4 721 T 40
" % change from control _ :
+ insulin ~ 58% - 13% (n.s.) - 14% (n.s.) (n.s.)
(b) Working Hearts (Atrial Pressure 20 cm)
Streptozotocin Diabetic . ' N . .
+ insulin (8) 187 - 25 31.0 = 1.0 19,0 - 2.5 ; 1692 =~ 116
% change from control
 + insulin - 444 - 57% - 27% (n.s.) - 16% (n.s.)
Alloxan Diabetic o + + +
+ insulin : (8) 194 =~ 30 41,9 - 2.2 12.1 - 1.6 2252 ~ 293
. c'g ’ N ” )
; gﬁgﬁgin;rom control - 42% - 42% ~ 549} + 1% (n. s.)

All hearts preperfused for 15 mins and then by recirculation for 30 mins.

Substrate glucose 11,1 mM. Insulin used at 2 mU/ml (in vitro).

Units:- W moles glucose equivalent/g dry wt/30 min (mean < s.e.m.). 90, as ul/g dry wt/mi
n.s. indicates differences with control (+ insulin) hearts not signifiSant (p > 0.05) '
Streptozotocin animals used 7 days after dosage (65 mg/kg i.v.

Alloxan animals used 2 days after dosage (65 mg/kg i.v.)
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ViTT Contribution of glucose to respiration of the

: perfused'rat heart.

- As mentioned above in both Langendbrff and
-working hearts from normsl rats the percentage of
totai respiration which could be accounted for by
étogenous glucose oxidation during the first 30 nminutes
wes 30 - 40%. - Purther atrial perfusion raised the
m»pr0poxtlon to 5055 beyond 30 minutes and to 80% after
45 minutes. The data from insulin deficient and
diabetic hearts can be con81dered in the same way and
& summary of the contributions of glucose to respira-~
tion is given in Table 19. Depending on the length
of tlme .of perfusion, the performance of work, the
type of insulin deficiency or diabetes, and the
presence or absence of added insulin (in yitzo) it was
possible to have as lilttle as 6% of the respiration

accounted for by glucose oxidation or as much as 80g%.
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TABLE 19 o
i CONTRIBUTION OF GLUCOSE}TO RESPIRATION
OF THE PERFUSED RAT HEART
_ Type Time % respiration
ANINAL Insulin of of 1., aecounted foxr by .,
perfusion | perfusion ‘CO2 from glucose-U-C
(11.1 mi)
Normal - Langendorff | 0-30 mins 41
| (65 cms) | :
Normal -~ Langendorff | 0~30 mins 37
{100 cms) :
Normal - Work 0-15 mins 30
15-30 mins 50
30-45 mins 80
Normal + Langendorff { 0-30 mins 69
: - (100 cms)
Normal + jVork 0-~30 mins - T4
ATS treated ~ ) Iangendorfs | 0-30 mins 19
: ' { (100 cms)
AIS treated -~  lVork - 0~30 mins 50
AIS treated + Langendorff | 0-30 mins 58
(100 cms)
Strepto-
zotocin ~  JLangendorff | 0-30 mins 14
diabetic (100 cms) ,
" ~ | Vork 0-30 mins 48
Alloxan - Langendorff j 0-30 mins 6
(lookcms) '
Alloxan - Work 0-30 mins 10
Alloxan + Work 0~30 mins 38
| Strepto- + | Langendorff | 0-30 mins 30 i
zotoein (100 cms)
' + Hork 0~30 mins 50

PNV ITY
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TX Effects of heert work and incressed contractility on

heart content of glycolytic intermediates, adenine

nucleotides, phospvhocreatine and citrate.

Bécause_of the obvious complexity‘offfhe~metabolic-
situation in the perfused rat working heart, with competition
between endogenbus and exogenous substrates ahd’the different
behéviour in different types of diabetes and insulin deficiehey,
analy§es_were carried out onvthe content of cardiac glycolytic |
intermediates; adenine nuciéo%ides, phosphocreatine, and
citrate in both working ahd non—working perfused heérts:l

In the first series of.exberiments a simple non~ -
recirculated system was used with aortic perfusion at 65 cm,
or 1OQ dm,HZO preésupe or'atrigl perfusién at‘QO'cm‘HZO pressuré,
with a perfusion time of 15 minutes in each case. This series
was perriused with glucose (5.5 mii) as substrate without
addition of insulin. Anélysis of the frozen extracted
hearts was soiely for G6P, Fo6P, FDP. | The résults are shovn
in Table 20. A significant and progressive decrease in
fhe levels of fhe hexosemonopﬁbsPhates wés found with
increasing éontractility (65 to 100 em H,0 aortic pressure)
and the performance of cardiac work. At the seme time the
content of fructose l,6—diphosphatevrose S0 that'the ratio
of hexosemonophosphate/FDP fell from 2.5 to 1.8 with inereased

contractility and to 1.2 with performance of work.
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EFFECTS OF INCREASING PZRFUSION PRESSURE AND

CARDIAC VORK ON GLYCOLYTIC INTEREEDIATES

Langendorff

_ gangend?rf§ &) 'Worki?g )

- . I . 5 cms (15 100 cms (8 20 en (10
~Perfusion conditionsi~ aortic sortic Atrial

' pressure pressure Pressure

¢lucose-6-Phosphete T40%59 638 47 538 *30
~ Pructose-6-Phosphate 180 £ 13 148 t 7 127 + 8

Fructose-1, 6 Diphosphete 367 T 40 444 F40 ] 545 tus

Ratio:~ Hexose monophosphate 2.5 1.8 1.2

EDP

All hearts perfused without recirculation for 15 min.

Glucose 5.5 mM. No insulin added. Unite: umole/g dry wt.

Number of hearts in each condition given in brackets.
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}A series of berfusions_was'then:carried‘dut uSing
working heafts, with reeirculation, for;peribds 63 0, 15,
'3.36 and 45 miﬁs'(subsequent to 15 minS'preperfusion by.aortic
perquioﬁ)._ In this series, the medium contained 11.1 ml
~ glucose as substrate and the frozen eitracted heart muécle
was analyéed for glycolytic intermediates, adenine nucleotides,
‘citrate; and phosphocreatine. A simiiar series of-hearfs
was perfuséd for 30 mins by the Langendorff method at 65 cn
H20 pressure for comparison of adenine nucleotide and phos~ -
phocreatine content. These results are given in iable Zik
for Langendorff (65 cm) héarfs and Table 22 (hexose phosphates
in working hearts) Table 23 (adenine nucleotides in working
hearts) and Table 24 (total adenine nucleotides and ph0spho-
créatine in working hearts).

| The changes which were apparent durihg the performance
of external work were a fall in G6P and a rise in FDP, a fall
in ATP and phosphocreatine and a rise in ADP and AMP, There
-ﬁés also a fall in the totalvéontent of adenine nucleotides.
Similar chaﬁges were evident in the Langéndorff experiments
(Table 21) so that these metaboiic events could not be con-
sidered as a necessary accompaniment of the pérformance of
external work by the isolated perfused heart. All of these
- changes together with the hearti content of glycogen and the
lactate/pyruvate ratio in the perfusion medium (Table 25)

becane stabilised after 15 minutes of working perfusion.



TABLE 21

EFFECIS OF LANGENDORFF RECIRCUZATION PERFUSION
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- ON HIGH ENERGY PHOSPHATES IN RAT HEART

1 Perfusion time: O min

30 min

No. of hearts : A(8) (4)
Adenosine triphosphate 20,9 ¥ 1.0 16,2 £ 1,2
Adenosine diphosphate 5.12%0,3 | 4.6 0,2
Adenosine monophosphate 0.8 £ 0,1 1.1 % 0.1
TOTAL sdenine nucleotides 26.4 21.9
ATR/AMP ratio 26 _ 15
Phosphocreatine 28,6 £ 2,3 16.6 £ 1.4

Perfusion at 65 cm H20 aortic pressure.

Values bmole/g dry wt (mezn % s.e.m.).

Substrate:-

Zero time indicates 15 min preperfusion
only et 65 cm H2O aortic pressure.

glucose 11,1 mil.




Mg 22 o ax

.. EFFECT OF WORKING TIVE ON HEXOSE PHOSPHATE IEVELS IN

RAT HEART
‘Perfusion time:~ O min 15min | 30 min| 45 min
No. of hearts :-  (12) (4) (7) (8)
Glucoée—G-phqsphate A 1148 £ 72 {713 £ 128 {712 £ 74 | 762 £ 47
Fructose-6-phosphate 248 £ 17 (202 & éo 192 * o8| 187 T 13
Frucfose.l,G—diihosphate 264 £ 24 2§§ ¢ 431346 L 66§ 345 L 38
Hexose monophosPhate/FﬁP 5.3 3.2 2.6 »-2.7'

Values as n mole/g dry wt (mean ¥ s.e.m.)
Substrate:- glucose 11,1 mM,

Perfusion at 20 cm.Hzo'atrial,pressure by recirculation
s - for time indicated.

Zexo time indicates 15 mins preperfusion at 100 cus H20
aortic pressures
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TABLE 23

_ EPFECTS OF WORKING TIME ON ADENINE NUCLEOTIDE CONTENT

OF PERFUSED RAT HEART

Time: . 0 min 15 nin 30 min 45 min
No. of hearts: | {9) | (8) (6) . (4)
Adenosine triphosphate 21.4-i 1.1 1229 1.5 {17.1 % 0.7 16.9 i"0.9
Adenosine ~divhosphate | 4.7t 0,2 5.7+ 0,61 6.1 % o‘.a.s 6.6 £ 0.6
Adenosine ménophosphate 1.0+ 0.21 1.5 £ o.2 2.1 % 0.3 1.9 £ 0.3

Values in umole/gz dry wt (mean L s.e.m.).
Glucose 11.1 ﬁM, as substrate.
Perfusion at 20 cm H20 atrial pressure by
recirculation for time indicated.

- A1l hearts preperfused for 15 mins at 100 cm
aortic pressure.

Zero time indicates preperfusion only.
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EFFECTS OF WORKING TILE ON CONTENT OF

134

HTIGH-ENERGY PHOSPHATES IN PERFUSED RAT HEART

Perfusion time:

15 min

0 min 30 min 45 min
1Yo, of hearts: (9) (8) (6) (4)
ATP + ADP + AND 27.1 30.1 25.3 25.4
ATP / AP 21 15 8 9
Phosphocreatine |31.2 £ 2.3 123.8 ¥ 3.8 l17.2 % 6.8 18.3 ¥ 1.0

Values in pmole/g dry wt (mean ¥ s.e.m.)

Substrate:~- glucose 11,1 mnli.

Perfusion at 20 cm atrial pressure by

recirculgtion for time indicated.

A1l hearts preperfused for 15 mins at

100 ecm H

2O aortic pressure.

Zero time indicates preperfusion only.
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EFFECT OF VORKING TINE ON HEART GLYCOGEN CONTENT

'AND MEDIUM LAGTATE/PYRUVATE RATTOS

Perfusion time Omin| 15 min | 30 min | 45 min
GlYCGEGh o6t sl 60ts5]63t3] 68ts
(9) (8) (6) (4)
Lactate/pyruvate |
(Concentration ratio 12 14 14 | 13
in perfusion medium) (4) (3) (4) (4)

Glycogen as Mmole glucose equivalent per g dry wt{meants.e.m.)
Substratei~- glucdse 11.1 mM. No. of hearts in brackets.

- Zero time indicates 15 mins preperfusion only at
100 cm H20 aortic pressure.



DARLE 26
' EFFECT OF PERTFORMANCE OF WORK ON HIGH ENEREY PHOSPHATES IN PERFUSED RAT HEART
{with modified extraction procedure of Opie, Newsholme (1967))

: Total
; Phogpho~ jAdenine y
A2F ADP AME creatine {iucleo— ATE/AIR
tides
Time: O min. (4) }25.4% 0.1 }4.5%0.3 | 0.54%0.00 | 34.3%1.9§ 30.44 47
Time: 45 min. (4) |22.6 % 0.9 {5.5% 0,2 | 0.81%0.06 | 23.7Z0.9{ 28.91 | 28

<136

All hearts preperfused for 15 mins Langendorff 100 cms Hzo.Crcﬁ
Work performed at 20 cm atrial pressure versus 100 cm aortic pressure.
Glucose 11.1 mi (without insulin) as substrate.

At end of perfusion period (T O or T45 mins) hearts clamped and percussed
as described under "Experimental'. ) o

Frozen percussed powger then thrown into acetone-perchloric acid-bmil EDTA mixture
(50:12:38) at -20°C, After pulverising in a mortar and centrifuging off the
residue, the cold supernatant was neutralised with 30 XOH saturated with KC1,
as previously described, and frozen to precipitate perchlorate. Assays then
carried out immediately on neutral supernatant.

" Units:- U moles/g dry wt (mean ¥ s.e.m.)
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It is possible that these results overem@hasise the

metabolic éffect of work on heart_conteht ofadenine nucleo-
tides since in a further series of experiﬁents in which the
extraction procedure for the heart tissue was modified (éeé
Tgble 26) and the analysis of adenine nucleotides completed
on the same day, less marked changes were observed following
45 mins of work.. However the general pattern of metabolic
-change was very similar in the two series. The most striking
@ifference_in the two series was in the apparent AP content

and-consequgntly<pn the ATP/ANMP ratios.

The effect of insulin on the heart content of glycolytic

intermediates

Similar studies on the levels of glycolytic intermediates
were then carried out on perfuseé‘hearts ffom normal and dia-
betic rats in which the effects of insulin (2 nU/ml) added
t0o the recirculation perfusion medium wére determinéd. The
results with normel hearts are given in Table 27 (with and
without insulin)‘and those with hearts from streptozotocin
and alloxan diabetic rats are given in Table 28 (without
" added insulin) and Table 29 (with insulin).

Insulin produced similar chenges in both Langendorff
_(100 cm) and working hearts with mérked élevation of the heart

content of G6P and ¥6P, lactate and G-glycerophosphate.
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TABLE 27

EFFECT OF INSULIN ON HEART CONTERT OF GLYCOLYTIC INTERMEDIATES

(a) In Langendorff-?erfﬁsed Heart (Aortic Pressure 100 H20)

Insulin G6P F6P FDP PYR  LACT L/P 4GP DHAP  aGP/DHAP
’ ¥ ¥ ¥ ¥ : t 3
+ (7) 2.19° 0.38 0.55 0.23 5.88 25 1,39 . 0.15 9
-(12) 0.62 0,11 0.32 0.21 4,30 21  0.78 0.06 13
(b) In Working Perfused Heart (Atrial Pressure 20 cnm H20) |
ka E »
#(9)  1.59 0.34% 0.56 0.29 9.96° 35  2.64° 0.13 20
-(12) 0.70 0.18 0.42 0.21 6.02 29 1,28 0.13 10

- All perfusions carried out for 30 mins with recirculation.
Glucose 1l.l1 mil as substrate.
Insulin, when present, used at 2 mU/ml.
Results as U1 moles/g drv wt.

I/P denotes ratio of contents of lactate to pyruvate.

aGP/DHAP denotes ratio of contents of oglycerophosphate %o

dihydroxyacetone phosphate. _ '
Number of hearts for each condition in brackets.

* denotes difference with control (-insulin) significant (p £ 0.05)
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- TABLE 28

HEART CONTENT OF GLYCOLYTIC INTERUEDIATES IN DIABETIC RATS

(a)

Control

In Langendorff Perfused Heart (Aortic Pressure 100 cm H,0)

G62 - IGP DR IACT  PEYR IL/P aGBE  DHAP

(12) 0.62 - 0,11 0,32 1,30 0.21 21 0.78 0.06 -

' ' . %
Streptozotocin (8)  0.34% 0,10  0.20° 3,16 0.33° 9.5 0.32  0.05

Alloxan

(b)

Control

(4) 0.66 0.24 0.38 6.00 0.73° 8 0.65 -

In Working Perfused Heart (Atrial Pressure 20 cms)

(12) - 0.70 0.18 . 0.42 6.02 0.22 29 1.28 0.13

. - ¥ % |
Streptozotocin (8)  0.42°  0.14  0.23  4.02 0,41 10  0.49  0.09

Alloxan

: . ¥
(4) 0,56 0.20 0.35" 5.78  1.09 5 0.72  0.09

10

A1l perfusions carried out for 30 mins with recirculation.
Glucose 11,1 mM as substrate. ‘

Results as B moles/g dry wt.

Streptozotocin animals used 7 days after dosage.

Alloxan animals used 2 days after dosage.

Numbexr of hearts for each condition in brackets.

% denotes difference with control significant (p £ 0.05).




TABLE 29

ETTRCT OF INSULIN ON HEART CONTENT OF GLYCOLYTIC INTERMEDIATES
IN DIABETIC RATS

(a) In_TLengendorff Perfused Heart (Aortic Pressure 100 cm H,0)
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G6P | FeP | Fp | Iace | ‘PYR | L/P)] acp | DHAP) aGB/DHAP
Control (+ insulin) (7) | 2.19] 0.38 o.ss'g 5.88 | 0.23 | 25} 1,39} 0.15} 9
_.Strept'o;'zotogin (14) | 1.29" 0.20 '0.29"§10.47¥ 0.95%1 11 '0.76 0.08 10
. (+ insulin)
‘(b) In'Working Perfused Heart (Atrial Pressure 20‘cm H,0)
Gontrolr(+ insulin)‘ (9) 1.59 0.341 0.56 9.96 0.29 | 351 2.647 0.13 20
HStreptozotocin (9) '1.0§‘ O.Zf 0.33* .73 O.67¥ 14} 1.48) 0.12 12
| (+ insulin)
~Alloxan (+ insulin) (5) 1 1.91 0;55, 0{49 14.14 4037« | 311,001 0.20 5

All perfusions carried out for 30 mins with recirculation.
Glucose 11l.1 mM as substrate. Results as U moles/g dry wt.

IL/P denotes ratio of lactate content to pyruvate and a6P/DHAP'
denotes ratio of &-glycerophosphate content to dihydroxyacetone phosphate.

Insulin used at ZmU/ml; Streptozotocin animals used 7 days after dosage.
Alloxan hearts used 2 days after dosage. |

Number of hearts for each condition in brackets.

* denotes difference with control significant (p  0.05).
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Since the content of pyruvate and dihydrdxyaéetone phosphate
was not greatly influenced by the presence of insulih, both
'cytoplasmic redox couples (lactate-pyruvate and-
a-glycerophosphate-dihydroxyacetone.phospha%e) géve increased
rafios with insulin (Table.27) in the wofking heart.

In the hearts from streptozotocin~disbetic rets the -
content of G6P was markedly reduced whilst there was a.signifi-
cant increase in pyruvate content and a decrease in the tissue
1actate/pyruvate ratios. These changeéiwére-similar‘in both
Langendorff and.working hear% prepaféﬂions (Table 28). | |

.In alloxan diabetic hearts perfused withoul added insuiih,
the most marked difference from the controls was in the increased
pyruvete content which gave rise to very low 1aotate/byrﬁvate
ratios in both Langendorff and working hearts.

Vhen insuvlin was added to the,mediqm Tor perfusion of
streptozotocin diabetic hearts it brought about the expected
~ increase in G6P, F6P_énd'FDP, but the increases were not suffic;'
ient to raise the heart content of these intermediates to those
observed in control perfusions with added insulin (ef.Tables 27
and 29). Low lactate/byruvate ratioé were again ohserved in
hearts both from alioxan and sitreptozotocin diabetic rats with
markedly elevated tissue pyruvate levels in working hearts (Table 29),
The tissue content of d-glycerophosphate was decreased in diabetic
working hearls and remained low even in the presence of insulin
36 that the d=glycerophosphate/dihydroxyacetone ratio was also low

with both alloxen and streptozotocin.diabetic hearts.
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TABLE 30

CITRATE CONTZNT OF HEARTS FROM DIABETIC RATS
- PERTUSED WITH GLUCOSE AND INSULIN

Langendorff Yorking
- 10 130 130
Control . (8) | 1250 = 140 | 1960 % 121 } 2007 L 164
Streptozotocin (10) | 531 % 75| 1582 * 118° | 1035 * 1487

i+
o’
I+

Alloxan (4) } 1708 £ 149 - 2244 % 106

A1l hearts preperfused for 15 mins (T0)

Langendorff ‘hearts preperfused at 100 om H, 0.
aortlc pressure.

Worklng heax*s preperfused et 20 cm H.0
atrial pressure,

Glucose 11,1 mi + insulin 2 mU/ml.
Units:- n_moles/eg drv vt W (meen L s.e.m.).

* indicates cwgnlfloant difference from control
| (p & 0.05)
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Because of the suggested importance of citrate(anJhgeféLIQLQ)

as ametabolic regulator of glycolysis, the heart coﬁtent of

citrate was defermined in normal and‘diabetic rats perfused.

in the presence of insulin. Vhereas alloxan hearts showed

an abnormelly high citrate content at the end of the pre-

perfusionlperiod, streptozotocin hearts showed a marked

deérease in heart citrate which did not reach control levels

after 30 mins subsequent perfusion wifh’glucose (11.1 mtl)

~and insulin (2 ml{/ml) in either Langendorff or working heartsb-

(Table 30). i

Bffects of lack of substrate on cardiac metabolic internediates. -

In the experiments already described, where perfused hearts
performed external work in the absence‘of exogenous substrate,
there was a marked decline in mechanical performance so that

~after 15 - 20 minutes‘ﬂo'external work was being performed.

At tﬁis point, when the contractions of the heart were no
1ongér sufficient to maintaiﬁ the aortic pressure of 100 cm of
H2O, but before the coronary flow decreased (with consequent
risk of anoxia) the hearts were clamped with the tongs cooled
in liguid N2o Analysis of the extracted tissue for glycolytic
intermediates, citrate, adenine nucleotides and phosphocreétine
was then cerried out.  The results aré shown in Tables 31

4

(hexose phospnaté and citrate) 32 (redox couples) and 33

(adenine nucleotides).  There was a general fall in the level
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SUBSTRATE-LACK IN ISOLATED

WORKING RAT HEART

EFFECIS ON HEXOSE PHOSPHATES AND CITRATE

CONTROL SUBSTRATE-LACK
) (4)_ - (8)
Glucosefs-phosﬁhate 718 317
Fructose—6—phosphate‘ X 222 188‘
F;ruotose—l,6~ﬁiphos;haﬁe 307 264
 Citrate ] 1240 384
Unitsr = n mole per gram dry weight.

Control = hearts working for 15 min.

Number of hearts in brackets.

Substrate free hearts perfused with
atrial perfusion (20 cm HZO)
until unazble to perform
further mechanical work (15-20 min).
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'TABLE 32 |

" SUBSTRATE-IACK IN ISOLATED
WORKING RAT HEART
EFFECTS_ON REDOX-COUPLES

' O
CONTROL |  gymembams

(4) (8)

LACTATE/PYRUVATE 31 12

aGP/DHAP 7 4

Ratios in heart tissue

Condiﬁions as in Table 31
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SUBSTRATE-LACK IN ISOILATED WORKING RAT HEART

EFFECTS ON HIGH-ENERGY-P

CONTROL SUBSTRATE-LACK
B} (4) (8)
Adenosine triphosphate 2299 12,0
Adenosine diphosphate '5.7 6.7
AQendsine monophosphatg 1.5 5.4
Phos;;ocréatine 23.8 | 5.5 .
Units = umole per g:aﬁ dry weight.

Control = hearts working for 15 min.

Number of hearts in brackets.

Conditions as given in Table 31.
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‘of all the metabolic intermediates measured, except for ADP
and AMP, the changes being particularly ﬁarked‘in;the case of
citrate and phosphocreatine where only 25% to 30% of the
control values were detected. Both lactate/pyruvate and

afglycerophosphate/ﬁihydroxyacetdne phosphate ratios felll
~ (Table 32). ! |

Effect of\anoxia on cardiac metabolic inftermediagtes -

Similar méasuremehfs of adenine nucleotides and phospho-
creatine were made in tissue extrécts prepared from hearts
~which had been preperfused for 15 mins aerobically by the
Langendorff method (100 enm H20) and then swifched to. atrial
perfusion under anserobic conditions (95¢% Né:S%COz). Perfusion
was terminated by freeze-clamping with the Wolienberger tongs
after pefiods of 5 secs, 60 secs or 240 secs. The data shown
| in Table 34 indicateé thét after only 5 secs the phosphocreatine
_content of the heaft fell to less than half whilst the ALDP
content doubled,  The £all in ATP level was less merked eb
> secs, but only half remained after 60 secs of anoxia. |

These hearts never exhibited even in the first five secs
ﬁhe full.meohanical activity of the aerobic controls. Whereas
the aoitic flow in control hearts perfused aerobically was
25 ml/min (5 secs affer switching to atrial perfusion) the
anoxic hearts gave a mean aortic flow of only 9.7 mls/ﬁin.

This rapidly declined so that after 15 secs of anoxia the heart
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TABIE 34

ANOXIC PERFUSION OF WORKING RAT HEART

PIME secs 0 5 60 240

" Aerobic | Anserobic

Adenosine-triphosphate 3,76 2;95> 1.61 1.75
Adenosine diphosphate 0,66 0.90 1.37 | 1.05
Adenosine monophosphate | 0,08 0.17 - 0.61 0.39
Phosphocreatine - - | 5.08 2,15 0.19 | 0.54
Aorta flow ml/min 0 9.7 0 0

AL hearts‘prepérfuséd_aerobically (02/C02) for 15 mins at
100 cm aortic pressure, then switched to atrial perfusion
(20 cm pressure) with N2:002(95% %) for fime indicated.
Glucose 11,1 mli as substrate.

Values as Pmole/g frozen wt. Mean of 4 hearts at each time.
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Fig., 22 Effect of anoxia on performence of mechanical
work and lactate production by perfused rat
heart (20 cm atrial pressure).

WORKING RAT HEART
401

-  Control haart - acrobic
: (8, Aortc' flow . ml/min.
30k
/;mole;/s/mm
| Jal
MI]MM‘ B in
Toln LACTATE(N;) JMmole/g/min.
Aaoxic heart
“n
o F (N;) Aorta tiow .
ol—s= ’ )
O | 2 3 4 5 6

minutes

Heart preverfused 15 mins (Iangendorff 100 cm}tCﬁ
with 0,/C0, then switched to I,/C0, and atrial (20cm.H.0)
perfusion at zero time. ‘

Glucose 11.1 mll as substrate.
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was unable to perform any external work. Lacﬁate production
during anoxic perfusion rose steeply and then after 2~3 mins
declined to g steady rate which was still over five times that

of azerobic controls (Fig. 22).

Effects. of re-oxyeenation of anaerobic hearts on cardiac

metabolic intermediates

In a further series of hearts, preperfusion was carried
:out.for 15 mins by the Langendorff metho& under anaérobic_
conditions with the perfu81on medium and heart chamber gaosed
with N2 CO (95%:5%) before switching to atrisl perfusion
(20 cm H20 pressuré)ﬁunder the normal fully aerobic conditioﬁs
with O2 CO (95%:5%) . There was a lag period of approximately 1-2
min after sw1tch1ng to the aerobic condition before the heart

was capable of sustaining an sortic pressure of 100 cm H,0 and

2
performing external mechanical work.} Full reétoration of
mechenical function wes not achieved after 15 mins of rew'
oxygenation; the aortic flow and oxygen consumption both
reached only 70% of the levels normally found et this time

in working hearts not subjected to anoxia. The provision of

" glucose &s exogenous substrate was found to be essential for
even this partial recovery of mechanical function (see Fig. 23).
Hearts switched to.perfusion aerobically with substrate-free |

medium failed to recover the ability to perform any external

work until glucouc vias added t0 the medium (Fig. 24).
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Fig 23. Recovery. of perfused rat heart from
anoxia ; performence of mechanical work
and dependence on glucose as substrate..

e e e S

_ WORKING RAT HEART AFTER I5MIN. ANOXIA
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b > |
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O ’ Add .
< n,' Glucose  #
, v ,
. ’ i
O\osiutose =~ "37 """ " . .
o] 5 10 - ) 20 25

with glucose 11.1 mM under anoxic conditions
(1\4’2:002)'. Then switched to atrial perfusion (20 cm.HzO)
wnder gerobic conditions (02:002)iglu.cose (11.1mm)
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EFFECT OF OXYGEN AND GLUCOSE ON RECOVERY OF ANOXIC HEART

cm.H,0 :

2400 W abene | a
y It < " !
6: / <o, M-/as ssuk?g:;fe : 0 /co; with 1‘2\/“,a :

: B — <_.._______: . no aL.'JJea( mcos:
Aoetig 170 ] sv ftmfe, 10 mM :
- pressyee . |
L ‘

‘ : ERRRREERY!

65

GLUCOSE (IOmM\ ' !
1 : ! : L~ 7 i

2 ] o) -l

Time 1a mins,

Fig. 24 Aortic pressure trace during recovery
from anoxia and the effects of added
glucose (10 mil).

Conditions as given in Fig. 23.
Heart rer{useol ahaeroLICa”y for IS'min§ (Lanaenotor‘F-F, 100 cm H,0>
to ge aortic ,ore,sswe trace shown at right. Thea switehed

+o ateial 'oer'(us:on 20 ems. H,0 pressure unoler- acrplnc _
conditions (%/co,,) bit without added substrate.
S'Iw.o'se ([0mM> ada[e,o( at time O. Aortic /oresSUFe (féqo(l'n‘j

'61‘06'\ {'l'al'\t +to (c;Ft> then increases as sl':own.
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Hearts pre?grfused anaefobically in the abéénce of
glucose failed to work when switched to aerobic -
conditions even in the presence of glucose in the

- medium for the aerobic phase. It was nobticeable

that the rate of beating of anaerobically perfused
hearts‘ﬁas significantly less in the absencé of glucose
and 31gn1flcantly increased by the presence of 1nsu11n
in the anaercbic medium (see Fig. 25).

Analysis of extracts prepared from anoxic hearts
reoxygenated for periods of 0, 1, 3, 5 minutes revealed
a rapid rise at 1 min in the G6P, F6P and a fall in the
FDP content. There was then a subsequent fall in G6P
and F6P as the heart performed external work (see Table -
35). |

‘ There was a progressive rise in the cardiac éontent
of ATP with a corresponding fall in AMP and ADP but the
total adenine nucleotide content of heart remzined low,
(Table 36). There was a rapid and marked rise in the
phosphocreatine content (Table 37) and a fall in the
lactate/pyruvate and a—glycerophqsphate/dihydroxyacetone
phosphate ratios (Teble 38). The glycogen conﬁent of
these hearts was very low and did not rise as the mechan-

ical performance improved (Table 37).
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EFFECT OF INSULIN ON HEART RATE
DURING ANOXIC PERFUSION.

2 INSULIN INv(tosmz 2..‘0/...!)

30 secs 30 secs

Aortic pressure trace from heart perfused anaerobically

<an3e;\odgzﬁ l—(;o> in presence of glucose 1l.1l mid

Pig. 25

Ll 1 [ l | mmuumluuﬂ
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TABLE 35

REOXYGENATION
OF ANOXIC PERFUSED RAT HEART
HEART HEXOSE PHOSPHATE LEVELS
TIME (mins) | 0 1 3 5
Number ofrhearts,A . . 5 4 4 4
| Glucose-6-phoshate 104 371 174 200
Fructosé-G—phgsphate o 30 % 80 39 29
Fructose—l:;-diphoséhate 132 ' 82 103 68
Aortg flow ml/min - | | 0 0 16  24

Units = Umole per gram frozen wt.

15 minutes anoxic preperfusion (Langendorff 100 cm),

then reoxygenation via atrial perfusion 20 cm.

Substrate:~ glucose 1l,1 mli.
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TABIE 36 =

REOXYGENATION

OF ANOXIG PERFUSED RAT HEART

ADENINE NUCLEOTIDES IN HBEART

I : Normal
TIME (mins) 0 1 3 5 work
: 15 min

Adenosine triphosphate | 0.99 |1.46 | 1.59 | 1.70 | 3.07

Adenosine dipunosphate 0.78 ] 0.48 | 0.52 | 0.49 0.77

Adenosine monophosphate 0.37 } 0.23 ) 0.32} 0.12 0.20

TOTAL 12,14 [ 217 2,43 2.31 | 4.04

Aorta flow ml/min o 0 16 24 | 40

Units = MEmole per gram frozen wt.

Conditions as given in Table 35.
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REOXYGENATION

- OF ANOXIC PERFUSED RAT HEART

GLYCOGEN

HEART CONTENT OF PHOSPHOCREATINE AND

Normal
PIME  (mins) 0 1 3 5 work
: ‘ ‘ 15 min
Phosphocreatine 0.36 | 2.051 1.80} 2.86 | 2.73
Glycogen 3.1 Jo.8 1.0 1 1.0 8.0
Aorta flow 0 0 16 24 40

ml/min

Phosphocreatine as Umole per gram frozen wt.

Glycogen as Mmole glucose equivale

Conditions as given in Table 35.

nt per grenm
frozen wt.
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 TABIE 38
REOXYGENATION
OF ANOXIC PERFUSED RAT HEART

HEART REDOX_RATIOS
Time (mins) 0 1 3 I 5
/2 69 12 23 | 1
aGP/DHAP 31 33 24 15
Aorta flow ' ' '
) fmin o 0 16 | 24

15 nin anoxic préperfusion (Langendorff, 100 cm),
then reoxygenation with atrial perfusion (20 om{H20)

Substratet- - glucose 11,1 mil.
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DISCUSSION

l. Stabilitx_of the perfused heart preparations

_ ﬁespite the,édvantages of the iéoiatéd perfused xrat
heart as lisﬁed earlier,‘various workers have experienced'
difficulty in obtaining a stable preparation. In the removal
of the heart from the animal there is release of adrenaline,
and during_thé period of transfer from the animal to the
beginning 5% the perfusion there is inevitably, ahoxia. The
initial oxygen consumption of the Langendorff preparation is
high, but then declines to a steady level, Fisher and '
Wiliiamson (1961a) reported that this steady state was not
Aréached until 15 minutes-but that subsequently the oxygen
consumption'and coronary flow rémainéd constant for 40 - 90
minutes. Zachariah (1961) was sble to prolong the period of
normal contraction énd oxygen consumption to about 2 hours
provided.Ca++ and'Mg++ concentrations in the Krebs~Henseleit
medium were halved and bovine serum protein (or certain
extracts theredf containing 1ipid matefial) was present with
glucose or pyruvate. ~ Viillebrands and Van der Veen (1967)
repoxrted a progressive decline in the cofonary flow of hearts
perfused for 60 minutes with gludose, lactate, pyruvate and
acetoacetate, although fatty acid (i mli) gave a small increass

in coronary flow.
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. In the experiments reported here, there was an initial
fall in'oxygen:cOnsumption\and~cdronary flow during the
‘Langendorff preperfusion period but this took}place over the
first'ld minutes. Thereafter both the bxygen'consumption

and céronary flow weré reqsonqb|3 stable in working and in
Langendorff perfused'hearts‘provided substrate and oxygen
~w¢re supplied. Switching to atrial perfusion after}15 minutes
of preperfusion af 100 cnm aortic pressure, gave total cardiac
outputs of over 60 ml/min. which could be maintained for at
least 2 hours without. change of medivm. This 1evél qf
cardiac output is similar %o that reported for the rat in vivo
(Bezénak, 1964). The concéntrations of Catt and Mg++ used in
- the Krebs~Henseleit solution weére not lowered nor was it found
necessary to incorporate heparin and CaAEDTA into the medium
used during the preperfusion period as suggested by Morgan et
2l., (1965). ' | '

' The nmost impbrtant factors in_achieving a stable pre-
paration were found %o ﬁe filtration and the removél of air
hubbies. The Tiltration of all solutions before use through
0.8 B Millipore filters and the in-line Millipore.filter in
'fhg perfusion fluid circult prevented thé introduction of any
suspended solids into the coronary circalation. Blechen and
Fisher (1954) stressed the need for adequate Ffiltration during
perfusion and Zacharizh (1961) suggested the use of fine

porosity sintered glass filters.
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2, Oxvegen consumvtion under working and non-working

conditions

A considerable range of cardiac respiratioﬁ rates
was obtaiﬁed by using asystolic heérts, produced by a high
gt medium, Langendorff hearts perfused at 65 cm. H20 pressure
and 1QQ cll. H20 pressure, and the working heart preparation
with atrialvperfusion.at 20 cm. H20 pressufe. | This graded
inerease in left ventricular systolic pressure development
(see Neely?et"al; 1967a) brought about a five-fold increase

in oxygen uptake. The calculated oxygen consumption values
for langendorff hearts ((oo em.H,0) pressure  agree. with the results O'F'Neelevj
<t. ql,QCI(ﬂa} bt similar a/O,_ valves have been /'e,'oor‘tecl for ‘hearts for"Fusec{ at 54em. H,0

(Fisher and Williamson, (qéh)*,“'l‘l«e chz valves for a‘f.‘riaﬂv Pen‘fuseo[ hearts are
in reasonable agreement with those for working hearts at

20 cm. atrial pressure reported by Neely et ai,, (1967a)
although thefe were several differences beiween their per-
fusion conditions and those‘reported here. In particular,
under their conditions, hearts were working against an
aoreic pressure of 70 cn. H20 whereas 100 cm. was used in

- the present study.

¥' T‘mse Valuc,s QL’(’:qmeJ w:'t'r\ hmn’ts Gubherad [P, .'meJu'}M ‘o
Mminimise an:’ ’temloarq‘(iure_ 3racl|'¢n‘t e‘FFgcR_'Is( F’csl-.e.r . Fc/‘sona.‘ commumcd:m,)
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3;, Relationship between aortic pressure and‘goz

Although the cardiac output night be supposed to be
directly proportional to the respiration rate, Neely et al.,
(1967&) point out that cardiac output and work are in fact
poor ihdications of the rate of energy consumption, ZEvans
and Matsuoka (1914) recognised that the heart is more effic-
“ient in pumping fluid against a low resistence than if
punping ageinst e high resistance. Neely et al., (1967a)
provided an example of this whereby a twofold increaSe'in
cardiac output and external work, associated with a decreaée_

in mean zortic pressure, was erforméd with 1little or no
b ’ .

| i'ircrease in oxygen utilization. On the other hangd, elevated

aortle pressure in agsoeciation w1th a constant cardiac output,
- resulted in a doubling of oxygen consumption.

In the present experiments the differenceé between the
oxygen consunption of Langendoiff (iOO cm.) and working
perfusedvhearts cannot be correlated diréctly to the amount

of work performed but 1ay be related to the increased pressure

~ development by the hesrt (Ople, 1965; Arnold et al., 1968).

ThlS is particulaxly evident in the experlments carried out
in the absence of exogenous substrate where the amount of
work performed fell before any change in the q02 corld be
-detected, The fact that chenges in oxygen consumption are
associated with changes in acriic pressure has not been
réalised in many previous studies and aoftic pressures have

not been strictly controlled,



' 4."Effect of substrate on oxygen consumption in the

perfused heart :“

(a2) in Lengendorff hearts. Fisher and Williamson

(1961b) demonstrated that the oxygen consumption of the
»Langendorff‘perfuséd heart was essentially independent
'.of the substrate when glucose, succinate, acetoacetate

or B-hydroxybutyrate were used. Nore recently Challoner
and Steinberg (1966) have suggested that the cardiac oxy-
gen consumption was incressed when the perrfusate contained
palmitate. ‘ Willebrands and Van der Veen (1967), in a
series of Langendorff perfusions at 85 cm H,0 pressu?e; 
investigated the effect of glucose, lactate, pyruvaté,
acetoacetate (10 mll) or fatty acid (1 mM complexed to 1.5%
defatted human albumin) and found that glucose as substrate
gave a 25%.reduction in oxygen consumption comparedito
other substrates. However under their experimental
conditions, in the presence of glucose the performance of
the héart invariably clearly declined during the course
of the 60 minute perfusion and fhe coronary flow decreased
considerably. Randle, Denton and England (1968) have
reported a small increase in q02 when Lengendorff hearts-
were perfused with acetate (5 mil) as oompared to glucose

(5.5 mil) in the presence of insulin.
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(b)__in working hearts. Neely ét-al.; (19671)

found that okygén cbnsumption and. cardiac work were
generally unaltered in perfused working héafts.over,

the range of atrial-pressures (5 - 20 cm H20) with

5 mid glucosé, acetoacetate or acetate as substrate.

:In the studies reported here, the initisl oxygen
consumption of the perfused working rat heart was the

game in the presence of glucose and in the absence of

any exogenocus substrate. Yhereas in the presence,of
glucose, however, this oxygen conéumptibn remained steady
for periods of several hours; in the absence of éxogenous |
substrate_the-working heart showed a reduced oxygen con~
sumption and a loss of mechanical.performance after 15-20
minutes. The rate of oxygen consumption of working hearts
was not affected by the use of pyruvute (5 mli) as substrate .

in place of glucose (11 1 ml).



5e Effects of anoxia and reox vgenatlon in- working

hearts - dependence of recovery on glucose .

The rapid decline of the capability of the atrially
 perfused rat heart to perform external mechanical work |
| when perfused anaerobically, was accompanied by pronounced
losses of phosphocreatine and adenbsine triphosphate. Duxring
anoxia,-however; it was of considerable interest that glucose
and insulin enhanced the rate of conbtraction and-that the
presence ef glueose dgring anoxic perfusion was apperently
essential for subsequenﬁ recovery on restoring the oxygen |
supply. Whether or not lactate is also capable_ofisupporting
anaeroblc eardiac metabolism requires further experiments.
Althoggh it can be assumed that the substantia}dendogenous
stores of triglyceride ﬁere substantially intact during
- _anaerobic perfusien, this endogenous substrate eould not
danparently be MOblllued during subsequent reoxygenauion since
exogenous substrate (glucose or pyruvate) was necessary for
recovery of the heart. The effects reported here in which
glucose ahd insulin enhanced the rate of heart ﬁeat under
anoxic conditions and led to substantial mechanical recovery
during subsequent reoxygenation are Simiiar fo those reported
by VWeissler, Kruger, Baba, Scarpelli, Leighton and Gallimore
(1968)'and Cascarano, Chick and Seidman (1968) using Langen~

dorff hearts.
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WeiSsler}et al, (1968) found in electron\microscépe
sections of the hearts exposed to amoxia in the ebsence of
glucose, morpholdgical changes in mitochondriavénd.dilafion
~of the longitudinal tubules. These morphological changes
during anoxia were averted by inclusion of glucose in the
perfusion fluid. | »

Austeﬂ; Greenberg and Piccinini (1965) reported enhanced
ventricular function and increased contractile fopce in’ the
dog heart when a period of cardiac ischemia; induced by
aortic occlasion, was preceded by infusion of'glucose'through
the coronary circulation. |
| The clinical interest in the use of infusions of potassiun~
glucose~insulin in pﬁtients with ischemic heart disease
(Sodi~Pallares, Testelli, Fishleder, Bisteni, Medrano, Friendlend
- and De-llicheli, 1962) has centered round the potassium content
of the "polarising nixture". The possible beneficial effects
of this‘treatmeht on the electrocardiogram and stabilisation of
cardiac arhythmias may be due et least as much to the glucose
and insulin and their support to anaerobic metabolism. The
. variable incidence of improvement reported following svch treat-
ment might well depend on the extent of irreversible cardiac
‘damage prior to the infugion. |

The metabolic changes which accompanied reoxygenation
of the working heart showed consideréble reversal of the effects

of anoxia. Although there was a rapid six-fold increase in the
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phosphocréatine_contenﬁ; five minutes after reoxygenation,
_the ATP content remained abnormally low and the total
1eve1 of adenine ﬁucleotides was also considerably ae-
~pressed. This is in contrast to the recent preliminary
findings of Scheuer and Stezoski (1967) who found that in
' rebxygenated Lengendorff hearts (aortic perfusion pressure
not stated) fhere wés a conmplete retufn to normal levels
of both phosphocreatihe (after 20-30 secs.) and ATP (aftér
only 10 secs.), This difference is not surérising because of
the much heéﬁier demand for high energy phosphate in hearts
performing external mechanical work. Danforth, Naegle and Bing,
(1960) found stéady rises in myocerdial ATP during reoxygena-
tion only when the aérobic perfusion medium contained 15 mm
KC1 to prevent cardiac activity. o
o The response -of the lactate/pyruvate ratio to reoxygena~
: fion was more rapid than that of the ratio of a-glycerophosphate/
dihydroxyacetone phosphate indicating that ILDH equilibrates
puch faster than a-glycerophosphate dehydrogenase with the
cytoplasmic HADHz pool during trensition states. Similar
: differénces in the times of response of these two redox couples
were found by Willismson (1966) when investigating metabolic
changes during the onset of anoxia.

Since either lack of substrate or lack of oxygen caused
the isolated working ratb heart %o fail it is of interest to

compare the metabolic changes in the two cases, ‘The mechanical
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failure due to 1ack of subsfrate vias sloﬁ; with anoxia
it was very rapid indeed, The metabolic Qhanges'weréA
similar ih that a pronounced loss of phosphocreatine and
‘adenine nucleotides was observed in both cases. Howéver,
_whéreas in anoxic conditions the tissue lactate/pyruvate.
ratio showed the expected rise, when the hearts failed
for lack of substrate both lactate/pyruvate and |
a-glycerophosphate/dihydroxyacetone phoéphate rafios_fello
This may ébssibly reflect the very different rates of

. glycolysis in the two conditions.
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6. Oxygen availability in the perfused working heartf.

preparation

The question of ongen availability in therperfused
heart revolves around vhether or not oxygen consumption
is limited by oxygen transfer from the extracellular
fluid to the cells. Although the effluent oxygen tension
in working hearts was high,the possibility still arises
that, at the high cardiac outputs achieved in the working
heart preparation, there was insufficient flux of oxygen .
écross the cell membrane to safisfy the oxzygen demand hy
.the high levels of oxidative metabolism, Fisher and
Williamson (1961b) found that oxygen consumption femained
constant in the Langendorff preparation when coronafy‘floﬁ
was incressed by perfusing with erythritol tetranitrate,
In addition, they showed that the Langendbrff preparation
perfused in the presence of 107 N dinitrophenol could
reduce the effluent oxygen tension to very low values
without a change in coronary flow. In this way they
concluded that the perfused heart was not limited in
© oxygen availability and that coronary flow per se was hot
determining oxygen consumption. In the case'of the working
heart preparation, Neely et al., (1967a) showed that
working hearts extract more oxygen at thé Same coronary

flow than the TLengendorff preparation.
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In the experlments in which adrenallne was added
to the perfusion fluid, the results (Flg. 14) show |
that the working heart was still capable of even higher
rates of coronary flow and oxygén extraction so that
oxygen avallablllty was unlikely to be limltlng to

oxidative metabollc processes.
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T Partibipation‘of<glucose_in oxidative heart metabolism

under working and non-working conditions

Thé present experiments have shown that when glucose
is present as the sole exogenous substrate, the oxidation
of glucose accounts initially for approx. 40% of the oxygen
consunption, under all three conditions examiﬁed (65 cm and
100 cm Léngendofff, 20.cm atrial working) i.e. over a range
of a three~fold increase in oxygen uptaké. Consequenﬁly
both exogenous and endogenous substrate utilisation were
| stimulated eq&ally;initially;by cardiac work. “Howéfergas
- expected, prolonged perfusion under working conditions led
to depletion of endogenous substrate and the contribution
of glucose rose unbil 80% (Table 5)»0f fhe respiration could
be accounted for by glucdse oxidation. In the initial period .
- (up to 30 mins.) fherefore;approximately half of the fuel
for respiration continued to come fronm endogenous.’sources°
Fisher and Williamson (1961a) caleulated that in the
abéénce of exogenous‘substraﬁe, the glycogen of the ILangen-
dorff (65 cm.) perfused rat heart would be used in 14 - 19
minutes and Shipp, Matos, Knizley and Crevasse (1964b)
~ demonstrated that perfused hearts from fed rats were depleted
“of glycbgen in 10 minutes, Several investigators (Williamson
and Krebs, 1961; Shipp et al.,; 1964b) have demonstrated that

amino acids normally contribute #ery little to the energy:



172

‘metabolism of the heart. The fact that tissue 1ipids play
a key role in sustaining the contraCtility of the perfused
heaft has now been well documented (Cruickshank and Koster-
litz, 1941; Olson and Hoeschen, 1967; Denton and Randle,
1965,71967). lMost of the reports indicate mobilisation

of neutral lipid (i.e. mainly triglyceride) although Shipp,
Thoﬁas and Crevasse (1964c) suggested'on the basis of

studies with perfused rat hearts pre-labelled in X;Eg‘with

(1 ~'Gl4) palnitate, that phospholipids éndrtriQIYéeride were
the major sources of cardiac fuel for oxidation.

Because of the availsbility of heart triglyceride as
respiratory fuel, Langendorff perfused hearts can retvain
their mechanical pegformance for some}GO'minutes withoutu‘
provision of external substrate (Fisher and Williémsoﬁ, 196la;
Zachariah, 1962{.)0 . §ince the working heart has a g0, over
%hree times that of the Langendorff (65 cm. H,0 pressure)
.perfused heart it is to be expected that its mechanical
performance rapidly declines after app?oximately 15 - 20
miﬁutes, at which time, however, a substantial proportion
(30% épprox.) of its ﬁriglycerides are still intact
(unp&blished data, Cassar and Mansford). This mey be because
v’only part of the total heart triglyceride.is available as
fuel - the remaining “compartment" representing perhaps

struc’cufal-li_pid essential to cellulax orga'disa'bion', a('bema’bn/elnj
this may indicate that the energy S‘u'oFItj rate has Fallen
below the critical level for the performance of external

worlk.
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8. Metabolic effects of increased perfusion pressure and work.

(a) Effects on the pattern of glucose metabolism.

Although increased~contracfiliﬁy and the performance

of external work brought about dramatic rises in the formation
of 14002 from glucose-U-C 14 the pattera of gluoose metabolism
obtalned from' the radioactive chromatographic scanning data
was very similar. The increased inoorpora’cion of 014'th bissve, intermediates
glucose in working hearts probably indicateéd more rapid turnf
over of glycolytic and citric acid cycle intermédiatest

If one considers "transpoit" of glucose to be the pro-

cess(es) by which ektraoellular glucose is made available for

" subsequent meteboliswm intracellularly, it is apparenﬁ'that the

stimdlus‘of work produced a coordinated inoreaée in bvoth the
transport and oxidation of glucose. Acceleration of uptake of
sugars 1in working muscle has been studied earlier in whole animels
and skeletal muscle. Ingle, Nezamis and Rice (1950) found that
stimulation of the lég muscles of diasbetic or normal rats caused
a rapid fall in blood glucose levels. ‘Goldstein, HMullick,
Huddleotun and Levine (19)3) suggested a specific effect of
exercise on txdnoporf by showing a lowering of the concentrations
of nonumetabolised sugars, such as D~xylose and L~arabinosec,

in the blood of eviscerated rats undergoing exercise. Llore
recently Holloszy and Narahara {(1965) heve showm that uptake

of.3—0»methyl glucose by Ifrog muscle was accelerated as the
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frequency of stimulation was raised. A% the highest rate
of stimulation, uptake rose to a rate equal to that found

with insulin treatment, (Narahara and Ozand, 1963).

(b) Bffects on glycogen turnover.

When hearts performed mechanical work there was both
glycogen breakdown and increased synthesis as measured by
incorporation of-radioactivity from 014 glucose into glycogen
S0 thgt glycogen turnover was accelerated; The nett effect.
however was for glycogen breakdowh to exceed synthesis. The
major part of the glycogen broken down waé appérently oxidised
(as judged by the relative values of Ci% and "cold" lactate
production;.Tables 2.and 3). Based on the proportion of the
respirgtion accéunted for by glucose oxidation, this utiliéa-
tion of glycogen provided a meximum of 7% of the oxidative
- metabolism of perfdced working hearts. Neely, Bowman and
Morgan (1968) have shown that when both glucose and palmitate
axre present in the'perfusion medium, the glycogeﬁ level can
risé during heart work and in the present studies insulin
preventedrglycogen loss, so that glycogen breakdown does not
' inveriably accompany the pzrformance of heart work.

The explanations for the increased turnover of glycogen
are to some extent conflicting.- | Glucose-6~phosphafe has
twe effepﬁs on enzjme reéotions invelving glycogen; on the

one hand a decreased heart content of G6F could be one Tactor
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' 'ih.increasing tissue levels of phoéphorYlasé é‘(Neelyret al.,
1968) whilst on -the other hand a drop in G6P content might‘

‘be expected to decrease the activity of glycogen synthetase
(Leloir et al,, 1959). Neither of these effects could explain
the increase in glycogen synthesis which is probably due %o

the reciprocal relationship between the percentage‘of glycogen
synthetase Ilactivity and the cardiac glycogen level (Larner

et al., 1968 and Danforth, 1965). The situation is compli-
4cated by thé oonsidérable evidence in diapﬁragm muscle that

the conversigh of glucose to glycogen need not proceed via
glucose-6-phosphate (Beloff-Chain et al., 1955, 1964; Chain

- 1962, Threlfall 1966, and Poqchiafi'l968) and a possible eiplana-
tibn'for these experimentai findings has been prOposea by ®Smith,
Taylor and VWhelan (1967) in whioh glucose: 1,6~diphosphate, the

coenzyme of phosphoglucomubtase; is implicated.

(e) Effect on lasctate production

There was no significant effect of increased perfusion
pressure or work on either total lactate production or
14 . . 14 4 . s
C™'~lactate formation from C '—-glucose. It is of interest,
' . * : 14 .
“however, to consider the data on the formstion of-C 4----vdLa.c:tate
from the point of view of possible tissue hypoxia in the
working heart preparation.
The percentage of the glucose uptake appearing as lactate

. 1 - . < 4a
can be derived from the C 4-1aotate formation using the chromato-

graphic scanning data.
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in perfusion condifibns in which‘glycogeﬁolysis did
not océur, the output of labelled -and unlabelled 1apﬁate
was practically the same'(see Tables 2 and 3). Totél
‘production of C'* lactate was 25,2 and 19.3 Hmoles of
glucose equivalent/g dry»Wﬁ/3O minuﬁes for>Langendorff and
working heért perfusion conditions.respectively. These
figdres accounted for 23% and 7% of the glucose uptake
" whilst oxidation in turn accounted for 59% and 73%~of the
glucose uptake., Thus, the performance of external work
increased glucose uptake.and‘the percentage of the glucose
taken up which was oxidised but decreased the proportion of
this glucose which formed lactate. This is unlikely to be
the case if substantial tissue hypbxia existed in.the~working
heart preparation. |

Similarly, oné could argue froh the basis of the lack
of éignificaht Changé‘in ﬁhe medium lactatenpyruvaﬁe ratios
(Teble 25). However, the present work confirms the findings
of Glaviano (1965) and Garland, Newsholme and Randle (1964)
’fhat there is a gradient of lactate from the intra- to extra-
cellular space so that it would éppear that the heart cell
membrane is not Ireely permesble fo lactate ions, Consequently,
the use of medium lactate/byruvate ratios by Williamson (1965),

in calculating extramitochondrial NAD-NADH potential in the
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perfused rat heart is open to criticism.’ By the seme token
a lack of chapge in medium L/P ratio during'thé performance
~of cardiac work cannot be considered any reliable index of
absence of tissue hypoxia.

| Thefe are conflicting‘reports concerning the value of
"pormal" lactate/pyruvate (I/P) ratios in heart tissue extracts.
Kraupp,'Adler—Kastner, Niessner and Plank (1967) report in vivo
tissue ratios of 14. Thorn, Gercken and Harter (1968) report
tissue I/P ratios in vivo of 110, In perfused Lengendorff
heart prepafations, values of 26 (Williamson, 1966), 24,5 in the
presence of insulin, (Garland, Newsholme and Randle, 1964) and
35, also_in the presence of insﬁiin, (Williamson, l965),héve
been reported. The fact théf in the aﬁrially perfused working
heart the values of both lactate/pyruvate (12 to 14) and
a—glyceroPhothate/dihydroxyacetone phosphate ratios (7 to 8)
in tissue extracts remained essentiglly uneltered after 45
minutes of work could be interpréted as evidence against
substantial tissue ahoxia in the working.heart preparation
.since both of these ratios are markedly‘increased undexr anoxic
conditions (see Table 38 and Garland et al., 1964; Williamson,
1966).

The use of lactate/pyruvate ratios as the sole index of

. anserobic metabolism by the myocardium is, however, open to

considersble criticism. Huckabee (1961) has proposed that
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production of lactate in “"excess! of the amount calculated
from the équilibrium constaent and the steady state concen-
trations of lactate and pyruvate, is indicative of anaerobic
 metabolism. HoﬁeVer,»as Opie (1968) has pointed out, thé_

use of lﬁdtate/@yruvate ratios in this wey ignores the effect
of various factors which are knoWn to alter the ratio. These
inclﬁde 6xidatioh of FFA by the heart (Garland et al., 1964),
the presence of insulin (Willismson, 1965), the nutritional
staté (Opie et al., 1963), and alloxan-diabetes (Garland et
al., 1964). | | | |

| Furthermore, as stfessed by Olson (1963) the lactate/
pyruvate ratio reflects the cytoplasmic but nqt the mitochondrial
redox,potential. Although there is evidence of direct oxida-
tion of NADH'by héart mitochondria in both pigeon (Griffith

~ and Blanchser, 1967; Resmussen, 1968), rabbit (Deshpande,
Hickman and von Korff, 1961), and guinea pig (Blanchaewr, 1964),
this does not imply that the NAD:NADH watio in the cyboplasm
is in direct equilibrium with that in the mitochondria
(Williamsoh, 1965). ‘ Consequently, an increase brvdecrease'
in total lactate/pyruvate ratio cen only be interpreted as g
change in the rate of glycolysis relative to the.transfer of
’cyt0plasmi¢—hydrogen into the mitochondria, As shovn by Xrebs
(1967) a comparisdnrof redox couples in normal fed and alloxan

diabetic rat livers reveals, in contradistinction to heart,
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a rise in the lactate/pyruvate fétio,}but a fall in both the
‘giutamate/Zfﬂ-oxoglutératg7oZ"NH4:7 ratic and B-hydroxybutyrate/
acetoacetate ratios. The{three systems studied, lactate

dehydrogenase, glutamate dehydrogenaée aﬁd B~hydroxybuﬁyrate
i dehydrogenase, are located in the cytoplasﬁ, mitochondrial
matrix and mitochondrial cristae respectively. Consequently,
the_dytbplasm(of disbetic tissues can be in a more reduced
(1iver) or less reduced (heart) state than that of normai
tissues and the mitochondria can show changes simulfaneously
in the reverse direction (Williamson, Lund and Krebs, 1967).
To interpret these changes as indicative of the degree of

anaerobic metabolism is obviously a misleading simplification.
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- (a) Effectsron glycolytic intermediates, adenine nucleotides

and phosphocreatine.

It is of inferest to compare the levels of glycolytic
vintermediates, adenine nucleotides, and phosphocreatine,
found in the present experiments in the isolated pérfused
-rat heért'pérforming external work‘with those reported
recently by Thorn, et al., (1968) who perfused rabbit hearts
in situ with an artificial blood to which various substrates
wéfe added individually. As controls for these experiments'
(in which the ability of various substrates to maintain both
" mechanical function aﬁd metabolite content was coﬁparéd),
‘Thorn et al., provide values for glycolytic intermediates,
adenine nucleotides and phosphocreatine of the rabbit heart
in vivo. After 2 hours of perfusion with 5 mll glucose,
fthey report-that the heart‘maintained normal oatput of
134 ml/min. despite a fall of 25% of the initial value of ATP,
50% of the initial glycogen and 50% of the initial phoépho—
creatine content. In the experiments reported here,
mechanical function and rate of respiration were unimpaired
in isolated hearts performing external mechanical work for
’45 minutes at which time the heart céntent of ATP had fallen
by 15 - 30%, phosphocreatine by 30 - 40%, G6P by nearly 50,
and glycogen by 60%. It would appear, %hérefore, that these
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1me£abblic‘changes cannot be expléiﬁed sdlély'by'poor tissue
oxygen availability fesulting from the}use of an}artificial
perfusion medium of oxXygen content abouf ten timeé'lower
than normal arterial blood, since similar changes wexre
obtained by Thorn et ai., using a medium}cohtaining washed
erythrocytes. Furthermore, the changes observed in cardiac
glycbgen and intermediates tended to stabilise after 15
minutes of work suggestnng a new steady state resultlng
from the metabollc stimulus of cardiac work.

The data on heart content of glycolytic intermediates
show that the increased flow through glycolysis observed in
working hearts with increased coﬁtractility is accompaniéd
by decreases in the heart content of.glucbse~6-phosphate
and fructose~6-phosphaté and a rise in the fructose -1-6-
diphosphaté<content. .

In view of the fact that the enzymes fruetoée—l-G,
vdi?hosPhatase and glucose~6-~phosphetase are virtually absent |
from heart (Vewsholme and Randle, 1962), and that direct
oxidation of glucose-b-phosphate via the pentose shunt is
thought to be normally minimal'in heart tissue, these
changes in hexose vhosphates are consistent with a stimula-

- tion of the effective phosphofructokinase ectivity.
The intérprétation of this type of data, however,

requires various assumptions if it is to be related to the
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activity of regulatory enzymes such as phosphofructokinase
in fhe intact tissue. Firstly, it is asswned that all the
major metabolic pathwa&s for the disposal of intraéellular
glucose are known. | The demonstration of the'formation of
l,2-bisphosphoenolpyru§ate from glucose in the rat diaphragm
by van Heijningen (1966) is an example of an internediate
without any suggested function in the published metabolic
schemes. Secondly, it is assumed that estimates of total
tissue levels of substrates and intermediates are at‘least
proportional to the concentrations to which the enzymes are
exposed in the various compartments of thé cell. As Regen

et al., (1964) have pointed ouﬁ in discussing estimates of
cardiac hexokinase activity (where the Xm for glucose phos-
phorylation in the intact tissues is about two Qrders.of
megnitude higher than in muscle extracts), possible regulation
by as yet unidentified ﬁactors‘cannot be ignored. Because
gluqose~6-phosphate ié a potent inhibitor of hexokinase in a

. cell-free systen (Newsholme‘and Randle, 1961; Crane and Sols,
1955), it has frequently been proposed that a similar type of
inhibition may.control the rate of glucose phosphorylation

"in the intach cell, Williamson (1965), hOWéver, showed that
in Langendorff hearts perfused with insulin and glucose fhe
mean intracellular concentration of glucose-6-P rose to abous
l'mm; a levél tﬁeoretically sufficient fto inhibit heart muscle

hexokinase by 90% whereas -in fact, no inhibition of glucose
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phosphorylation occurred. Similérly, an inofeaéed rate of
hexokinase activity assoclated with sﬁbstanﬁial'increase of
glucose-6-phosphate has been observed in frog skeletal muséle .
‘duringranoxia (Ozand, Naraghara and Cori, 1962). Furthermore,
Beloff-Chain et al. (1964), showed in diaphragm that G6P-U-c*%
'could-participate directly in oxidative metgbolism without
affecting the pattern of glucose metabolism., In thé'present
study, working hearts perfused_in’the presence of insulin
showed accumulation'of G6P but glucoée phdsphorylation was
‘not affecte&l  These findings and similar observations
during stimulation of glycolysis by glucagon (Kreisberg and
Williemson, 1964) or adrenaline (Williamson, 1964) may poésibly
be explainéd by the concomitant rise in the intracellular
concentration of'inorganic phéspha%e which has been shown to .
relieve G-6—?_inhibition of hexokinase in a heart mitqéhon&rial
fraction (llayer, Nayfield and Hass, 1961). The situation is
further complicated by the possibility of compartmentation of
e.g. glucose-6-phosphate, for which evidence has been given by
Shaw and Stadie (1959), Sims and Lendeu (1966), Landau and Sims
(1967), Figueroa, Pfeiffer and Nieméyer (1962), Threlfall (19865).
Huch of this evidence could equally well be explained by
alternative pathweys to glycogen (BeloffeChain et al,, 1955;

1964) which do not directly involve glucose-6-phosphate.
| ‘ g
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9. Rates of lipolysis as determined by glycerol output

Garland and Randle (1964Q have used the glyéerol
output by Langendoiff perfused heafts as an index.of the

rate of lipolysis, as suggested by Veughan (1961). Using
a perfusion peribd of 15 minutes they found apparent
glycerdl ou%buts'of 1.8 ~.4.6 /g wet wt/hr, i.e. 0.45 -
1,15 uM/g during the 15 minutes.

: The‘results of glycérol assajs on berfusion.medium
after‘onlywtwo minutes of recirculation indicated glycerol
outputs of 0.4 - 1,12 uM/g which were not increéseé by |

.further recirculation perfusion. In view of these rgsults
and-thé demonStratién 5y Robinson and Newsholme (1967) of'
glycerol kinase aoti#ity‘in heart tissue, the accurac& of
estimations of rates of lipolysis based on glycerol.rélease
is in doubt.  Purthermore, Kreisberg (1966) has shown that
014 glycerol can be directly oxidised to 14002 in perfused

heart. As Robinson and Newsholme (1967) point out, the
increase in glycerol output observed in perfused heart fronm :
starved rats could equally well be explained by inhibition

of glycerol-kinase activity as by an increase in a lipase.
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10, Effects of insulin on the'pattern of glacdse metabolisnm

" in perfused heart

An examination of the effects of: cardisc work and
added insulin on the pattern of glucose metabolism in the
. pexfused rat heart reveals several similarities. Wérk\and-
insulin both increése glucose uptake, glucose oxidation
and the incbrporation ofrglﬁcose carbon into glycpgen.

- However, cardiac work and insulin can be distinguished

by their effects on the total oxygen uptake and on 1actafe
pfoduction:' Insulin has no significant effect on the
oxygen consumption whereas cérdiac work brings about a
doubling“in.qoz; work has no significént effect on total
lactate production whereas insulin brings about a 3-fold
increaSe in lactate output with a concomitant sparing of
cardiac glycogen. Insulin.also increases the heart content
of hexose phosphateé-ahd of 1actaté. These differences are
consonant with a major effect of insuiin on the processes
of glucose ﬁptake with glycolysis being stinmulated to a

- greater extent thgn'the rate of disposgl of pyruvaté into
the citric acid cycle. A work load on the other hand
appears to give rise to a primary stimulation of the oxi-
dative'process»s. |

_ The results obtalned with 1nsu11n in heart nuscle
differ strikingly from tgose obtawned in digphragn (Beloff—

Chein et al. 1955) Where insulin was found to stimalate
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o specifically the syﬁthesié.of glycogen and oligosacchérides
whilst the production of 400, and lactate weve not affected.
On the basis of observations in diaphragm end adipose tissue,
Chain (1962) proposed that insuiin action involved the elevé~
tioh of the energetic potential of the cell. One poSsible mani-
festation of this in e.g. fat éynthesis, might be an increase
in the turnover of NADE/NADPH. In cardiac muscle, however,

the pent@se Shunt, although present (Glock and McClean, 19543
Crevasse et al., 1964) is normally quiescent (Williamson and

' Kreisberg, 1965; Shipp et al., 1964a). Williamson end Kreis-
berg (1965) have shown that the content of NAD? in rat heart

is normally only 5% that of NAD and the proportion is unchénged
in the presence of insulin.- Any effects of insulin oﬁ the
pentose shunt in Specific_tiSSues are probabl& secondary in

any case to the primary action by which glucose is made availQ
able for oxidétive metabolism.

' . Fisher (1962) has producedhconvincing evidence of an
effect of insulin on the penetration of non-metabolised
peﬁtoses (L-arabinose, D-xXylose) into heart musecle and has

shown that the findings are consistent with the hypothesis
that pentose enters the cells in combination with a specific
cerrier (Widdas, 1952; 1954) in the cell membrane. The
accelerating effect of insulin on péntoée penetration has

been shown to be explicable in terms of a reduction in the
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affinity of thls carrier for the pentooe (bl&her and
‘Zacharlah, 1901). Park et al., (1956, 1959) have produced
evidence in sujport of a similar nembrane carrier system
ibr glucose transport, indicatihg_saturafion kinetics,
stereospecificity and competition between pairs of sugars.
- In addition, the observation which favours most strongly
the presénce'of a carrier in the membrane is the phenomenon
of ’uphiil' transport by counterflow in which non-metabolised
3-0 methyl glucose has beén used (lMorgen, Regen and Park,
71964) Morgan et al., (1965) postulate the existence of
the carrier in an "active" and "inactive" form, The increase
in Vmax which they find follow1ng insulin or anoxic stimula-~
tion of transport could, they think, be due %o conversion of
inactive to active carrier.

This "activation" could resth from a modification
of the primary structure of the carrler molecule itself,
resulting in a catalytically active form (see also Randle
and Smith, 1960) or insulin could function as an allosteric
activator of the carrier (Morgén et al., 1965). Such.
concepts overcome the difficulty of the original Levine
and Goldstein (1955) hypothesis of increased "permeability"
as.the primary action of insulin, Which failed to explain
why inéulin act;on cannot be reproduced by increasing the
extracellular concentration of glucose (Tablé 8). The

carrier system exhibits saturation kinetics and only an



188

‘alteration in the carrier—substrate affinity‘équid raise
the transport rate sufficiently to produce intracellular
'acqumulation of glucose which doesbnot'occur even in non-
working cardiac muscle in the absence of insulin, even
with the extarnal glucose concentration raised to 44‘mM

| (Morgan et al., 19614« '

A further hypothesis has recently been proposed by
Katzen (1967) on the basis of experlmental evidence of the
effect_of-lnsulln deficiency on the proportion of hezokinase
isoenzymes (Katzen and Schimke, 1965; Katzen, S oderman
aﬁd Nitowsky; 1965; lclLean, Brown, Greenslade and Brew,
‘;966}' Grosébard and Schimke, 1966). Tissues knowh to be
insulin-sensitive have a greater proporiion of hexokinase zi
(Xm, 2 X~1O’4M) than hexokinese I (¥m, 2 x 1O”SM) and dizbetes
-has been shown to.reduce the amount of hexokinaées; espec~-
ially hexokinase Ei,_in heart muscle (Katzen, 1966), adipose
tissue (HMcLean et‘al., 1966), and memmary gland (VWelters and
McLeah, 1967; licLean, Brown; Walters and Greenslade, 1967).
Katzen proposes the existence of & "bucket-brigade" of |
.hexokinases of increasing affinity with the lowest affinity
iéqenzyme being external to the cell plasma membrane and the
highest affinity hexokinase III (XKn 5 x 10_6M) being
internally located. Glucose tran port is thus seen as a

handing on of vlucose from one hezo1lnwse t0 the other wlth
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: the poséibility of metabolic conversion from carrier—glucose‘
7§ools‘at each étage. In this proposed-model;vinsulin acts
as an alternative to hexokinase I in the sequence thereby
‘ éccelerating the process of glucose trahsport in’thosertissues
with lbw anounts of héxokinase I.
| All of these hypotheses can be considered to have certain
common-grouﬁd. . The essential feature of a carrier is that it
should be capable‘bf'combining reversibly with its substrates.
Any enzyme (or multi-enzyme system as suggested b& Chain,
1968) should be able to act as e carrier of its substrate
(e.g. glucose) or of its competitive inhibitors (e.g.
'3-O~methyl glucose, pentoses). Such an enzyme-complex might
‘transpdrt its substrate ﬁithqut appreciable transforﬁation
(e.g. phosphorylation) especially if the location in fhe cell
membréné was not favourasble for the access of the co-factors
| required for enzymic action (e.g. ATP, ngtty.
1t is of considersble interest that the "permease™

system of sugar transport in bacteria, previously'considered
to be basedbbn selective permeability, has recently been
- shown in mutant studies to be g multiwenzjme system (Kundig,
Kundig, Anderson and Roseman, 1966) involving a phosphotrans-

- ferase reaction with phosphoenolpyruvate.
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11. Metabolic effects of acute insulin deficiency produced

by anti-insulin treatment'

| The isolated heart as‘obtaihed from the normal rat
contains endogenous insulin. This wés suggested by Zachariah
(1961) who observed an initial fall in heart cell permeability
to L-arabinose over the first 30 minutes of Langendorff perfus-
ion. The basal level of permeability-aohievéd at 3O minutes
perfusion could bevreproduced by pretreatment of the rat with
anti-insulin serum., This observation together with the results
repofted here. which indicate that glucose metabolism by the
isolated Langendorff heart is gfeatly reduced by removal of
this‘éndogenous insulin by anti-insulin serum, probably account
-for the variable rates of glucose uptake and size of insulin
effect reported in the literature (e.g. lorgan et al., 1961b{
Williamson, 1962; Opie et al., 1962).

Several authors have studied the metabolic}behaviour of
tissues taken from anima;s pretreated‘with’antiminsulin serwn
(Wrigﬁt, 1961). Grégor, Hartin, Williemson, lacy and Kipnis
(1963) have shoWn in rats treated with anti-insulin serum,
that isolated rat diaphragm removed ninetj minutes after the
injpction showed a significently reduced rate of phosphorylation
of 2-deoxyglucose to 2~deoxyg1ucose-6-phosphate. These authors
found that reduction of the oxidation of glucose—l-cl4 by
isolated adipose tissue-required two injections of anti-insulin
serum., In liver slices from rats taken one to two hours after
anti~-insulin serum administration, Mahler and Ashmore (1963)

showed that fatty acid synthesis from glucose was markedly
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decreased whereaslacetéacetate proaactionvwas.incréased;
Kaelkhoff and‘Kipnis (1966) have shown that‘hepatic lipo;
..genesis is raﬁidly'impaired following_acute‘insulih :
 deprivation and have produced evidence to show that the
' block in lipogenesis occurs at the acetyl-CoA carboxylase
step. Kalkhoff, Hornbrook,'Burch end Kipnis (1966) have
‘also shown that acute insulln deprivation of three hour
duration resulted in an impairment of glycolysis et the
phosphofructokinasg step, activation of glycogenolysis and.
a‘decreaéed acfivity of fhe hexosewmonbphosphate shunt
pathway in liver. Tissue 1évels of citrate and malate
were not ele?ated under these conditions. Williamson,
wright, Malaisse and Ashmore (1966) reported an increzse.
in plasma FFA and ketones two hours after.anti-insulin
treatment and an associated diminished level of Coli and
elevated acetyl-GoA in liver. Stimulation of hepatic
gluconeogenesis as observgd by Williamson et al. (1266),
and by Wagle and Ashmore (1963), Ffollowing administration
of anti-insﬁlin serun, was thought to be secondary to.
enhanced lipolysis. Tarrant, Thompson and Wright (1962)
also showed increased serum FEA‘one hour after a messive
dose (5 ml) of amti-insulin serum given intraperitoneally.
CAll of these metabolic changes in experimental insulin

deficiency mey be induced by hormones with actions normelly
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"counterbalanéed by inéulin (Wright, 1965). Sﬁéh hormohes

afe glucagon, adrenaline, ACTH and corticosteroids

(Mahler, Stafford; Tarrant, and Ashmore, 1964; Jﬁngas

and Ball, 1963). The fact that the effects of anti—insulin
serum in pfoducing insulin deficienf hearts coul& be con-
pletely reversed by the in vitro addition of insulin in

the perfusion fluid (see Table“9) does not necessarily argue
against this view. Both endogenous glucagon and adrenalin
are likely to have only a short lived effect before inactiﬁa—
tion and any such effeots might not necéssarily*be apparent

' féllbwing,on-the 15 minute preperfusion stabilisihg period;
In addition, the hearts were removed only 1 hour after treat—
ment of the donor rat with anti-ipsulin serum so thet although
the hyperglycaemig had resched its maximum (Fig. 15) the
‘possibility 6f_such secohdéry metabolic changes.from opposing
-hormonés was kept to a minimum. | _

There heas béen conflicting evidence of the ability of
enti-insulin serum to neutralise insulin bound to tissue.
Wright (1959) reported that the in vitwxo addition of anti-
insulin serum to the isolated rat diaphragm did not reduce
fhe basal glucose uptake. Wardlaw_and Weidinger (1965),
however, found that anti-insulin serum did ceuse & diminution
of glycogen deposition during ilncubation of mouse hemi-

diephragms that had previously been exposed to insulin.



.Wohltmahhrand Naréharar(l967) found anti-insulin serum
ihcapable:of neutralising the effect of insulin on the
permeabiiity of frog sarfdrius muscle to 3-O-me£hyi

glucose after the hbrmone had become bound to the muscle.
‘Beloff-Chain, Catanzaro and Chain (1967), found a consistent
in vitro effect of antlnlnsalln Sserum on the oxidation of
'glucose~1~0 14 by epididymal fat pads.

In the present experiments with perfused heart,. the
use of antl-serum in vitro (i.e. in the preperfusion fluid)
led to technical difficulfies because 6f excessive foaming
during the oxygenation but the results reported here on’ﬁhe
use of anti-insulin serum in g;zg, together with the earlier
studies of Zachariah (1961); suggest théf.the endogenous
insulin of the heart muécle had in fact been neutralised.

The rééults from the working perfused hearts of such
rats pretreated in E&XQ with anti-insulin serum differed |
markedly from the corresponding Langendorff perfused hearts.
The stimulation to glucose uptake and oxidation imparted by
~ the performance of cardiac work was sufiicient to overcome
The restriction on these processes imposed by the lack of
insulin which hdwevervwas still essential fér maximal rates

14 into glycogenn and lactate.

of incorporation of C
In these circumstances therefore there was a specific effect

of endogenous insulin on the metabolic fete of gliucose
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ehtering.the cell aﬁd this effect was épparently inde?eﬁdentl
of the effecfs of inSulin on glucose uptaﬁe’and,oxidation
already describea. - | 'v_ |
In heart muscle virtually the completé‘range bf transport
‘rates are apparently controlléd by metabblié and hormonal
regulatory mechanisms. Morgén et al., (1965) have related
glucose uptake as a function of tension development (measured
by integrating the area under aortic or ventricular pressure
curves) agd by extrapolation have found that when zero tension
is'producéé, the rate of glucose uptake is only 25 bmoles/hr/g
dry wt. It may well be that any measﬁrable rate of glucose
-uptake in the pérfused'rat.heart indicates a degree of stimula-
“tion by mechanical woxk, inQomplete'oiygeﬁation or hormonal

. action. -
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12. Comparison of metabolic abnormalities in strepiozotocin

and_alloxen~induced diabetes in the rat.

Streptozotocin is a broad spectrum antibiotic

- extracted from Streptomyces achromogehes (Herr, Eble, Bérgy

and Jahnke; 1959). Its structure has recently been shown
to contain a H-nitrosomethylamide group present as a urea
derivative involving>the nitrqgen of glucosamine (Herr,
Jahnke, Argoudelis, 1967) (see Fig. 26). The substance

has glso Qgen shown to exert antitumour activity in leukémia
L 51784, Ehrlich carcinoma and Walker 256 carcinosarcomes -
(Evans, Gerritsen, IMann, Owen, 1965).- In 1963, Rakieten

et al, reported that intravenous administration of stiepto-
zotocin to rats and dogs led to diabetes and on the basis
of histological studies; they attributed this diabetogenic
action to a specific effect on the pancreatic B cells. |
However, Evans et él.f(l965) while confirming the diabeto-
genic sction, suggested that it might not result from
permanent damageﬁor necroéis of the B cells but rather from
an inhibition of production and/br secretion of insulin.
Similarly, Arison, Ciaccio, Glitzer, Cassaro, Pruss (1967)
concluded from electron microscopy studies that streptozotocin
produced degranulation of cells without necrosis. These

.authors also found a high incidence of bilateral cataracts
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Pig, 26

Structure of Streptozotocin
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4 months after 65 mg/kg of streptozotocin (an observation
confirmed in the present study) together with accumulation
of glycogen in the proximal.convoiuted tubules of the kidney.
Histological exanination of the pancreas indicated somne
evidence of B cell regeneration only when the dosage was
1oweréd to 50 mg/kg. In all of these studies, however,
some doubt existed as to the purity of the streptozotocin
preparations since Evans et a15'(1965)-étated that.many
preparations made available up to 1965 were contamipated
with as much as 15% of another compound,Zedalan |

(3~ oximinoacetamido - acrylamide). Indeed these awthors
postulated synergistic action between.streptozotocin and
Zedalan with regard to the diabetogenic and antitumoral
activity. Junod, Lembert, Oxci, Pictet, Gonet and Renold
(1967) have showh, however, that pure streptozétocin has

a rapid specific and irréversible cytotoxic action upon
pancreatic 8 celis, Only 7 hours after a single 65 mg/kg
injection of pure streptozotocin into rats, Junod'et al.
(1967) were able to demohsﬁrate massive necrosis of the
B~cells whilst the d—cells and the exocrine pencregtic
tissue remained intact. Pancreatic insulin levels
decrezsed to levels below 5% of normal controls within

24 ho@rs end were still only 2% of normal values after

one month. Because of this specific action, streptozotocin
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has conéiderdbievadvantages over élloxan.. As Tukens
(1948) has pointed oub, the LD5.O (medial lethal dose)
- of alloxan in the rat corresponds with the EDso (mediél
effective or diabetogenic dose). Consequently, the
- mortality associated with diabetogenic doses of alloxan
~ is very high. Alloxan diabetes in the rat (Gomdri and
Goldner,vl943)'is glmost‘invariably acconpanied by anéemia
_and elevation of blood nonrprbtein nitrogen. Damage to
the-renal“tubulés and focal central lébalar necrosis in
the liver are also frequently encounﬁered in the alloxan
diabetic rat (Herbut, ﬁatson, Perkins, 1946). .In contraswy
to the extremely narrow margin (or overlap) between
diabetogenic and generally toxic or lethal doses séen with
alloian, sfreptozotocin produced a clear cut diabetes,
- although of lesser severity; with doses as low as 25 mg/kg
whilst the'LDEO in the rat has been reported to be about
130 mg/kg (Rekieten et al. 1963).
| Despite the toxic side effects known %o be inevitable
in'alloﬁan induced diabetes, the use of hearts from animals
48 hours after alloxan treatment has bheen very widespread.
i(Morgan et al. 1961la; Regen et al. 1964; Greenman and
Shipp, 1965; Randle et al. 1964; Garland and Randle, 1964b;
Kraupp et al. 1967).
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‘Dhe chénges reported in carbohydrate metabolism of
heart muscle in alloxan diabetes are similar to but more
»'marked than those observed in.hearfs from fasting‘animais
(Morgan et al. 19613, Randle, Garland, Hales and Newsholne,
1963; Kreisberg, 1966). The major effects noted have
‘been dépression.of glucose upteke and increased cardiac
glycogen (Ciuickshank, 1913; McLeod and Prendergast, 1921;
‘Evens, 1934). Newsholme and Randle (1962) suggested that
both the increased cardiac glycogen and the inhibition of |
_giycolysis observed in hearts of both disbetic and fasted
' réts resulted from inhibition of the phosphofructokinase
reactibn.} A similar phosphofructokinese inhibition was
shown,iﬁ hearts from normal rats peifused ﬁith fatty -acids |
or‘ketone bodies (Bowman, 1962; Newsholme, Rendle, lanches-
“ter, 1962). "Furfhermore, citrate, an inhibitof of
.phosphofructokinase, was increased in hearts of alloxaﬁ—
disbetic and fa$téd rats, and in heafts of normél rats
perfused with palmitate (Pafmeggiani end Bowman, 1963;
Garland, Randle and Wewsholme, 1963). In the studies
.reperted here with streptozotocin induced disbetic rats
fhe_increase in blood free fatty acids and ketones was
observed for only the first 3 days after treatment. During

this period, hearts perfused with glucose and insulin (Fig.21)
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showed evidence of phosphofructokinase inhibifion;

tégether with elevated cardiac glyoogen and ditrate levels,

- In these respects, therefore, streplozotocin~diabetic

hearts resembled alloxan-diabetic hearts although the effects
were less marked. After 5-7 days, however, the streptbzo=
‘tocin~-diabetic rafs although markedly hyperglycaemic and‘
glucosuric no longer exhibited elevated free fatiy acid
levels in the blood nor were the blood ketone levels signifi-
cantly elevated. Hearts from these animals no longer had
elevated glycogen orxr oitraie,leveisiand the hexose monophosphate
conteht remained normal after perfusion with glucose and
insulin.

These resulis, therefore, show an important difference
between the’metabolio ebnormalities accompanying streptozotocin
and alloxan induced diabetes.  After the initial phase of
rapid lipolysis duriﬁg which freé fatty acid and kétone bodies
are elevated, streétozotocin diabétid rats show an apparent
specific insulin deficiency hyperglycsemia. In contrast to
this, any alloxan animals vhich survive the first toxic acute
phase continue to show elevated blood ketone levels together
with ihoreased cardiac contents of G—~6-~-P, F-6-P and citrate,
two to seven weeks after alloxan treatment (XKraupp et al.

1967).
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‘13. Effect ofrwork on glucose metabolism ih«the<perfuse§

hearf éf diabetic rats.

Hearts from streptozotocin diabetic animals (7 days
after treatment) when made to perform external mechanical
‘work utilised ndrmal amoun%s_of giucosé as measured by
glucose-uptake and oxidation wheréas similar hearts perfused
by the Langendorff method showed a very considersble reduct-
ion in both of these parsmeters. In this respect, therefore,
the streptééotocin diabetic heart closeiy resembled the
behaviour of the insulin deficient heart obtained by pre-
treatment with anti-insulin serum.  The stimulation: to
rates of glucose.upﬁake and qxidatioﬁ'brought about}by the
performance of cardiac work was much less marked in the alloxan
diabetic hearts despite a normai increased oxygeh consunption.
This could be explained by the increased cardiac citrate and ‘
triglyceride (Denton and Randle, 1967) and circalafing FPA
and ketone levels in alloxan diabetes since it is known that
the inhibitory effects of palmitaﬁe on glucose uptake and
. oxidation (Newsholme and Randle, 1961) are observed even in

the 'working! heart (Neely et al., 1968).
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14, Metabolic effects of insulin in the dizbetic perfused

heart:'

(a) on glycolysis and glucose oxidation.

| In Langenddrff,perfused hearts'réﬁdered,diabetic; :

ﬁith streptozotocin, insulin stimulated the glucose uptake
to within normalblimits and restored the incorporation of

014 from glucose to glycogen. The oxidafion of glucbse-U—Gl4,
| however remgined abnormally low and there was a striking
increase in lactate and pyruvate production. Despife the
~stimulu§ to glucose oxidation brought about by the'performance
of cardiac work, similar results were obtained in streptozotocin
diabetic wdpking hearts perfused with glucose and ihsulin.
This lack of effect of insulin on glucose oxidation together
with the very markéd increases in Jlactate and pyfuvate pro-
duction and accumglatioh in heart tissues suggests a défect

in the entry of pyruvate into the citrate cycle.' This would
be consistent with the low heart content of citrate observed
in stréptbzotocinlhearts. lormally, however, high concentra~
' tions of pyruvate would be expected to give rise to large
quantities of citrate as is seen in alloxan diabetes (Garland
and Randle, 1964b), since pyruvate promotes the formétion of
both oxaloacetate and acetyl CoA (Williamson, 1965; 1966).

It would appear, therefore, that the mechanism by which

pyruvate accumulates in both strevtozotocin and alloxen diabetio
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hearts may be different in the two cases;.OYidation of pyruvate.
by perfused rat heart is inhibited by fatty a01ds and ketone
bodles (Garland Newsbolme and Randle, 1964) and in alloxan .
diabetes but in all of these cases there is a’concomltant o
rise in heart citrate and of acetyi—CoA relative fto that of

CoA (Garland and Randle, 1964b). Since heart citrate does

ﬁéf accumulate in streptozotocin diabetic hearts, further in-
vestigations on the direct oxidation of pyruvate by Streptozo-
tocin diabetic hearts and on heart levels of acetyl Cod, which
“can act as a oompetitive inhibitor of hearf pyruvate dehydro~ |

genase in vitro (Garland and Randle, 1964a) would be of interest.

(b)»-bn glyvcogen

Alloxan diabetes and sﬁreptozotocin diabetes showed
important differences in_relation to the effects of insulin
on incorporation bf GlA'glucose into cardiac glycogen. Strepto-
zotocin diabetic hearts showed near to normal incorporation with
added insulin whilst alloxan diabetic hearts continued to show
depressed incorporation, even in the presence of insulin.
These results should be oonsidered'with thosé on the total
cardiac glycogen content ih the two ceses, In alloxan digbetic
rats, cardiac glycogen remeined high even with work whilst in
s%reptozotooin diabetes, cardiac glycogen was depressed,

Consequently, the restriction on glycolysis imposed by the
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_ phosphofruétokinase block in alloxan diabeteé (with‘the‘
associated elevated citrate) presumably reduced glycogen
turnbvei whereas in streptozotociﬁ diabetes there was near
~t0 normal turnover with a smallerx glycbgen}"pool“.' This
is consistent with the results of Larner et al., (1968) on
the inverse‘relationship between glycogen conteﬁt and

transferase I activity in perfused rat hears.
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