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THE DEVELOPMENT OF A SYSTEM OF 24 HOURS PRESERVATION OF THE HEART 

FOR TRANSPLANTATION . 

WICOMB, Winston Nevil le, PhD . University of Care Town , 1983. 

The aim of the study presented here was to preserve functional viability 

of hearts stored f or 24 hours . Preservation of the hearts was obtained 

by using cardioplegic arrest followed by continuous perfusion at 6 - 8°C 

with a hyperosmolar fluid, through which 95% oxygen and 5% carbon 

dioxide were bubbl ed to maintain the pH at 7 . 2 - 7 . 4 . 

Viability was assessed biochemically and functionally . The biochemical 

studies involved meas urement of tissue high energy phosphates , glycogen 

stores and metabolic products released into the perfusate (LDH, lactate) . 

The effect of preservation on suborganelles was also evaluated and these 

included the mitochondria , lysosomes and sarcoplasmic reticulum. 

The functional studies we r e both ex viv o and in vivo . The ex vivo func ­

tional evaluation sys t em was developed especially for the assessment of 

large hearts (pig) but was based on the classical Langendorff rat heart 

perfusion mod el . Ex vivo functional evaluation was used a s a screening 

test and allowed rapid assessment of heart function . The in vivo test 

of functional viability was orthotopic a nd autotransplantation followed 

by cardiac catheterization . 

From the information obtained from these tests adjustments were made to 

the perfusate by modifying chemical combinations and adding appropriate 

drugs. Eigh t perfusates were evaluated . The perfusion solution of 

Krebs and Henseleit was the first perfusate in this series and proved 

to be totally ineffective; high energy phosphate stores became depleted 

and the release of LDH was excessive . Addition of the amino acid taurine 



to the perfusate rapidly dec r eased the release of LDH . The addition 

of ATP and insulin to the perfusate and an increase in the magnesium 

and potassium concentration improved myocardial function , though signif­

icant oedema formation was still evident in all hearts . The use of 

large , osmotically active molecules was shown to be ineffective in 

preventing fluid accumulation and/or improving consequent myocardial 

function . Mitochondrial oxidative phosphorylation was normal in these 

hearts , though myocardial function remained less than optimum . This 

depressed function was thoughtto be a result of increased cytosolic 

calcium concentration , probably related to impairment of the mechanism 

by which calcium is pumped out of the myocardium (against a large elec ­

trochemical gradient) and/or damage to the membrane barrier that 

normally prevents entry of cal cium into the cell . Orthotopic trans­

plantation confirmed that these hearts had been poorly preserved . 

A hypothesis then evolved , namely that the combined effect of raised 

perfusate sodium levels and progressive oedema formation protected the 

myocardium from the effects of calcium redistribution in the myoplasm. 

The success of the perfusate subsequently developed was based on t his 

hypothesis . During hypothermia essential ionic pump activity is 

inhibited and calcium penetrates membrane barriers activating contractile 

proteins . Enhanced resting myocardial tension results , which in turn 

inhibits excessive oedema formation during this ischaemic phase . This 

effect also occurs during warm ischaemia when the myocardium is unper­

fused . If the intracellular calcium concentration was controlled by 

decreasing the perfusate calcium, by increasing the extracel l ular 

sodium concentration , and adding small osmotically active molecules , 

then the myocardium remained viable . The probable sequence of events 

was as follows . 

Some of the small osmotically active molecules do not enter the ·extr a 

vascular compartments immediately, although sodium does enter the cell 
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due to failure of the sodium- potassium pump. Evidence of failure of 

the sodiLlTl calcium exchange mechanism during hypothermia has not been 

reported and this mechanism may initially opera te to reduce calcium 

entry into the cells . Should this mechanism fail as time progresses, 

the small molecules would be protective by slowly accumulating fluid 

and diluting the tissue calcium concentrations . (Small osmotically 

active molecules gradually enter the myocardial tissue during hypo­

thermic perfusion) . Intracellular or extracellular fluid accumulation 

would have similar effects as any dilution of the total calcium would 

be protective . Evidence for this hypothesis was provided by the 

gradual rate of oedema formation in these well preserved hearts . 

(By comparison hearts preserved in the same solution by simple storage 

in ice gained no weight during the period of preservation and showed 

poor haemodynamic performance and frequent rhythm disturbances . 

The successful results obtained from modification of the perfusate led 

to the development of a portable method of storing donor hearts for 24 

hours. This unit enabl ed heart s to be harvested at distant centres , 

transported over long distances, and facilitated the logistics of 

transplantation by allowing time for tissue typing, preparation of the 

recipient , and convenient timing of the operative procedure . Pig hearts 

preserved for 24 hours by this portable hypothermic perfusion system and 

subsequent functionally tested , s howed haemodynamic parameters indist­

inguishable from freshly excised hearts . Orthotopic and autotransplan­

tation of baboon hearts , preserved by an identical technique , was 

followed by consistent survival of the recipient baboon until r e j ection . 

Four human hearts were similarly preserved by continuous perfusion for 

periods of ischaemia ranging from 7 to 17 hours . After heterotopic 

transplantation three of these hearts required inotropic support 

initially , but there were no rhythm or conduction disorders, suggesting 

3 
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the absence of irreversible ischaemic injuries . The fourth heart 

s upported the circu l ation without difficulty. One heart was acutely 

rejected, the three r emaining hearts which survived through rejection 

episodes showed good or adequate haemodynamic performance at cardiac 

catheterization 5 ,4 and 3 month s r especti vely after transplantation . 



PREFACE 

This thesis describes a series of investigations into the problems that 

hamper the progress of myocardial preservation for transplantat ion in 

man . 

Six positive aspects of cardiac preservation have emerged from this 

study :-

(1) A clear fluid hyperosmolar solution was formulated that 

adequately preserved viability of pig and baboon hearts . 

(2) A pneuma tically powered portable preservation unit was designed 

which successfully preserved pig and baboon hearts when assessed 

by either functional testing or orthotopic transplantation . 

(3) A method of in vi tro testing of hearts was developed that 

correlated with r esults from orthotopic transplantation . 

(4) A technique of ca rdiac autotransplantation in baboons was 

perfected . 

(5) The high releas e of lysosomal ac id phosphatase during the period 

of hypothermic prese rvation was shown to be non-pathol ogical and 

was reversibl e after a period of warm blood perfusion . 

(6) Successful preservation of human heart s for periods longer than 

4 hours , not previously achieved , was obtained . 

The preservation solution and the portable prese rvation unit that emerged 

from this experimental study we re thoroughly investigated before c l inical 

application . During the development of this perfusate the author nad 

numerous consultations and discussions with colleagues and senior 

members of neighbouring departments (see acknowledgements) . 
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Some of the work presented in chapters 1, 10 and 11 has been published 

and further work in chapters 11 and 12 has subsequently been submitted 

for publication . The titles and references of these articles are listed 

below . 

(J) Ex vivo functional evaluation of pig hearts subjected to 24 hours 

preservation by hypothermic perfusion . S . Afr . Med . J . 60 (198 1) 

pg . 245 . 

(2) Orthotopic transplantat i on of the baboon heart after 20- 24 hours 

preservation by continuous hypothermic perfusion with an oxygen­

ated hyperosmolar solution . J. Thorac . Cardiovasc . Surg . 83 (1982) 

pg . 133 . 

(3) Twenty four hour preservation of the pig heart by a portable hypo-

thermic perfusion system . Transplantation 34 (1982) pg . 246 . 

(4) Orthotopic allotransplantation and autotransplantation of the baboon 

heart following 24 hours storage by a portable hypothermic perfusion 

system . Accepted for publication in Cryobiology . 

(5) Cardiac transplantation following storage of the donor heart by a 

portable hypothermic perfusion system . Accepted for publication 

in Ann . Thorac . Surg . 

(6) The use of acid phosphatase as an indicator of lysosomal membrane 

changes during hypothermic preservation . Submitted for publica­

tion in Basic Research in Cardiology , 1983 

(7) Storage of the donor heart by a portable hypothermic perfusion 

system : experimental development and clinical experience . Heart 

Transplantation 2 , 1983, pg . 104 . 

6 



ABBREVIATIONS 

ADP 

AMP 

AoP 

ATP 

BT 

CF 

CK 

cm 

co 

CP 

CVR 

EDTA 

EGTA 

FT 

g 

gm 

G6-P 

G6-PDH 

h 

HCl 

HK 

i.m . 

i. V • 

IVC 

kg 

£ 

LDH 

LV 

LVP 

LVEDP 

Adenosine diphosphate 

Adenosine monophosphate 

Aortic pressure 

Adenosine triphosphate 

Biochemical tests 

Coronary flow 

Creatine phos phokinase 

Centimetre 

Cardiac output 

Creatine phosphate 

Coronary vascular r es istance 

Ethylenediamine tetraacetic acid 

Ethyleneglycol tetraacetic acid 

Funct i onal testing 

Gravity 

Gram 

Glucose 6 - phosphate 

Glucose 6 - phosphate dehydrogenase 

Hour 

Hydrochloric acid 

Hexokinase 

Intramuscular 

Intravenous 

Inferior vena cava 

Kilogram 

Litre 

Lactate dehydrogenase 

Left ventricle 

Left ventricular pressure 

Left ventricular end -diastolic pressure 

7 



M 

meq 

min 

ml 

mM 

mmHg 

mmol 

mol 

µ mol 

mOsm 

mRNA 

mV 

n 

NAD+ 

NADH 

NADP 

nm 

p 

pg 

P/0 

Q02 

RCI 

S . E. M. 

SR 

SRV 

sv 

SVC 

TRIS 

wt 

Molar 

Milliequivalents 

Minute 

Millilitres 

Millimolar 

Millimetres of mercury 

Millimole 

Mole 

Micromole 

Milliosmoles 

Messenger RNA 

Mi lli v o 1 ts 

Number of observations 

Nicotinamide adenine dinucleotide (oxidised) 

Nicotinamide adenine dinucleotide (reduced) 

Nicotinamide adenine dinucleotide phosphate (oxidised) 

Nanometres 

Probability 

Page 

Phosphate : oxygen ratio 

Ra te of oxygen uptake 

Respiratory control index 

Standard error of the mean 

Sarcoplasmic reticulum 

Sarcoplasmic r et iculum vesicles 

Stroke volume 

Superior vena cava 

Tris-( hydroxymethyl) aminomethane 

Weight 

8 



ACKNOWLEDGEMENTS 

Several individuals have been involved in the development of the work 

presented in this thesis . For three years of s ha red effort I am 

indebted to the enti re staff of the C.S . R. U. whose help and inspiration 

made this thesis possible . 

Prof . C. N. Barnard as my supervisor, ac ted as a driving force and 

facilitated the financing of t his project in his department . 

For meticulous surgical ass istance , I am grateful to Dr . S . T. Boyd (1978), 

Dr. J . Hassoula s (1979) and Dr . DK . C. Coope r (1980- 1) . I would l ike to 

acknowledge the st imulation and effort provided by Dr . D. K. C. Cooper . 

His help and guidance in ma ny spher es facilitated the achi evement of 

fruitful results . 

I am also grateful to Mrs . J. McCarthy (1978 ), Miss L. Egl in (1979) and 

and Miss S . Smith (1980-1) for the ir t ec hni ca l assistanc i n the 

development of the perfusate . 

For the long hours v.0rked and excellent theatre assistance ,. I am especially 

grateful to Mr . F . Barends , Sister A. Hanekom, Mr . P . Madl ingozi , 

Mi ss . J . Martin, Mr . S . Pa t el , Sister J . Pieters , Mr. J . Rossouw and 

Mr . F . J . Snyders. Thei r assistance throughout this projec t was 

indispensable . 

Apart from the above-mentioned cor e of colleagues , I would like to 

extend my appreciation to the f ollowing people who also aided me in 

special areas of my thes is : -

(i) 

(ii ) 

Prof . A. Rose , wh o produced the elec tron and light 

mic rographs and who reported on these for me . 

Dr . D. Boonzaaie r , whose hel p in interpretation of the 

dynami cs of the portable preservation unit and the 

functi ona l testing apparatus proved invaluable . 

9 



(iii) 

(iv) 

(v) 

(vi) 

(vii ) 

Prof . W. Gevers , who provided bioc hemical and intellectual 

stimulation . 

Prof. L. H. Opi e , who was always willing to lend const ruct­

ive biochemical and clinical advice . 

Dr . A. Aderem , wh o con tributed useful information concern­

ing the presentation of some biochemical aspects . 

Prof . E. H. Harley and Prof . M.C. ·Berman , who allowed the 

use of their laboratories and assisted with technical 

problems . 

Prof . A. A. Forci e r whose ad vice in sterile procedures in the 

transportation of human hea rts was most beneficial . 

I would like to thank th e Chris Barnard Fund , Merrin Bequest and 

Mr . R. Ackerman for their sponsorship , which enabled me to attend the 

Cardioplegia confe r ence in London (June 1980) wh e re I acquired 

invaluable information r egarding organ prese rvation . 

A special thank you to Miss C. Park, Mrs . J . Park and Mrs . D. Lambie 

who so willingly typed this thesis . 

I am also grateful to the Chris Barnard Fund , the University of Cape 

Town and the Cape Provinc ial Administration who supported this work. 

10 



CHAPTER 1 

1. INTRODUCTION 

This dissertation describes a procedure to achieve 24 hour pres­

ervation of the heart . From a r eview of the literature on methods 

of maintaining myocardial viability , it appeared that hypothermia 

would contribute greatly to myocardial protection , because of its 

metabolic lowering eff ect (McOuiston 1950, Blair 1960 , Bigelow 

et al 1954) . 

The literature on kidney preservation indicated that preservation 

by continuous perfusion has some theore tical advantages over simple 

cold storage for periods of preservation longer than 24 hours 

(Freier , 1979) (Belzer 1980) . Kidneys subjected to warm ischaemia 

usually recove r after a period of hypothermic perfusion, whereas 

recovery was poor after storage in ice (Collins and Halasz 1979) . 

Continuous pe rfusion provides oxygen and nutrients to the myocard­

ium and prevents the accumulation of toxic metabolic end products 

and fluctuati ons in pH . Spray et al (1977) have also shown that 

hypothermically perfused hearts functioned much better than stored 

hearts preserved under identical conditions . From this informa­

tion the prese rvation method of choice appeared to be a combin­

ation of hypothermia and continuous perfusion . 

1. 1 CARDIOPLEGIA 

A fundamental aspect in an early stage of cardiac preservation 

is cardioplegia, which involves the arrest of the in situ heart 

(Buckberg 1979) . The concept of cardioplegia was first introduced 

by Hooker in 1929 as a method of producing immediate electromech­

anical arrest, preserving energy stores that would have been 

expended by anaerobic metabolism . From the standpoint of 

clinical application Bigelow e t al (1954) believed that the 
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combination of hypothermia and potassium was a risk of two 

dangerous procedures . Potassium arrest was first used by 

Melrose and colleagues (1955) using concentrations from 245 to 

980 millequivalents of potassium per litre . At that time 

potassium and cold were not used together . The vital experiment 

of combining cardioplegia with hypothermia was performed by Cross 

(1957) who showed that a cold heart withstood ischaemia better 

than a warm heart, and on reperfusion, the heart recovered more 

quickly . The use of potassium citrate in cardioplegic solutions 

was abandoned when Helmsworth (1959) published a paper which 

reported that myocardidl necrosis was always found in the hearts 

of dogs after potassium citrate arrest . Interest in cardioplegia 

disappeared due to other priorities in cardiac surgery which 

expanded rapidly . 

In the early seventies a new interest in cardioplegia was stimulated 

with the Kirsch et al ( 1972) Bretschneider et al (1975) and later 

Hearse (1977) solutions . In the Bretschneider solutions the 

cardioplegic effect was brought about by high procaine hydro­

chloride levels and also the absence of calcium substituted for 

by magnesium chloride . The Kirsch solution only had procaine 

hydrochloride as the active cardioplegic agents and also excluded 

calci um from the solution . The Hearse solution was characterised 

by a more complex formulation deviating only slightly from the 

composition of extra- cellular fluid (Hearse 1977) , with potassium , 

magnesium and procaine as the active cardioplegic agents . More 

recently Buckberg et al (1978) evaluated hypothermic potassium 

cardioplegia using cold blood as the vehicle , ·which he found to 

be advantageous in comparison to other techniques for myocardial 

preservation (Lake 1978) ; Follette 1978) . 
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Apar t from periodic asanguinous coronary flushing (Iyengar et 

al 1972) cardiac arrest and myocardial protection can be 

obtained by coronary perfusion with blood (Taber et al 1967) 

local hypothermia (Enright et al 1970) and various pharmacological 

agents (Webb et al 1966) ; Davies et al 1968 ; and Hearse et al 1975). 

From this review of the literature it was clear that the areas of 

myocardial protection required further c larification . Most of 

the published information on cardioplegic solutions showed 

adequate preservation wh en tested under the author ' s experimental 

conditions. My solution of choice was a modification of that 

used by Hearse e t a l (1977) which resembled the extracellular 

fluid composit ion but with the addition of procaine hydrochloride 

and verapamil hydrochloride . Verapamil is a calcium slow channel 

inhibitor (Singh et al 1978 ; · Opie 1980 ) . It was included in the 

cardioplegic solution with the aim of preventing any enhanced 

myocard ial tension that may develop due to Ca++ during the period 

of arrest . The developed tension may progress to the irreversible 

stone heart condition (Cooley et al 1972) rendering longer periods 

of preservation by alternative methods futile . The solution was 

of relatively simple composition and biochemically stable between 

37°C to 0°c . 

1. 1.1 CARDIAC PRESERVATION : A BRIEF REVIEW 

It was at the start of the eighteenth century that the concept of 

in vitro organ preservation (restora tion of irritability in dying 

muscle) was first introduced by the French physiologist Le Gallois 

(Humphries et al 1974) . The first idea of hypothermia in preserv­

ation stems from the survival of insec ts after freezing and the 

recovery of fish after having been embedded in ice . The pioneer­

ing work was done by John Hunter (1766) who froze two carp in 

river water in an attempt to keep them alive in the frozen state . 
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The induced hypothermia was a method used to lower the metabolism 

of the body as a whol e and to reduce the dangers of hypoxia . Soon 

after Hunter ' s work, Curri e (1798) of Liverpool published observ­

ations on the effec t s on man of immersion in cold water , inducing 

generalised hypothermia, in th e treatment of fevers and alcoholic 

intoxication (Leigh and Atkinson 1968) . From 1828 attempts at 

preservation of most organs were made and by 1868 , Ludwig and 

Schmidt (1868) had constructed a perfusion apparatus being little 

more elaborate t han a syringe . 

Fifty years then la psed before a new interest developed in organ 

preservation . Perfusion and preservation of organs remained a 

matter of extreme complexity. Isolated organ perfusion was fir st 

used by Carrel and Lindbergh (1935) and in 1938 they published 

"The Culture of Organs " in which various perfusates were used to 

sustain at normothermia a variety of isolated organs for days and 

even weeks (Carrel and Lindbergh 1938) . They also concluded that 

the removal of an organ from the in vivo state initiated a cascade 

of drastic events and that preservation of an organ would only be 

improved if these events were unde rstood and the organ made able 

to withstand the insult of an altered envi ronment . Bake r (1956) 

used human foetuses whose hearts were removed one to two hours 

after caesarian section , which he perfused retrogradely using an 

oxygenated Tyrode ' s solution at 29°C . There were no functional 

measurements taken but the hearts we re able to resume some 

contractions . 

With the use of r efrigeration , preservation of other tissues 

had also progressed suc h as corneas (Altman 1890) , red blood 

cells (Rouse and Turner 1916) and spermatozoa (Polge et al 1949) . 
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By the ea rly fifties kidneys wer e being hypothermically preserved 

with heparinized whole blood with li tt le success (Bogardus and 

Schlosser 1956 ), and Te lander (1 964 ) di luted blood with a balanced 

salt solution without any further improvement . 

Webb and Howard (1 957 ) attempted the fi rst preservation study on 

the refrigerated heart, wh ich was isolated , cooled and preserved 

by perfusion . Successful prese rvation was limited to eight hours 

after wh ich time viabi l ity rapidly declined . Survival of animals 

r eceiving orthotopically placed donor hearts prese rved for 24 hours 

has rarely been f or more than a matter of hours. Kondo and his 

colleagues (1965) r e ported fiv e days survival in one of 29 

puppies afte r donor hea r t preservation by hyperbaric oxygenation 

at 3 - 4 atmospheres . Hyperbaric oxygenation and hypothermic 

perfusion together have been employed with the survival of one 

ou t of 6 a nimals for 8 days (Feemster and Lillehei 1969). The 

studies of Proctor and Parker (1972 ) suggested that hearts preserved 

by hypothermic perfusion f or as long as 72 hours retained viability , 

but thi s group did not attempt to attain long t e rm survival after 

orthotopic transplantation, ( transplantation of an organ into its 

normal in vivo posi tion) disconti nuing assessment of the heart 

a fter 1~ to 2 hours function . 

Using a preservation system based on that of Proctor , Copeland 

et al (19 73) reported 4 out of 30 dogs surviving longer than 

4 days to rejection . Hearts suspended , but not pe rfused or 

oxygenated, i n a hypothermic , intracellular high potassium 

solution f or up to 26 hours have been s uccessfully transplanted , 

though only 4 out of 20 s urvived rejection , the l ongest 

survivor bei ng f ive and a half days (Reitz et al 1974) . Watson 

(1977) achieved survival after orthotopic transplantation of 
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hypothermically perfused hearts but sacrificed animals after 

only 24 hours . All hearts were supported by a dopamine infusion 

and vent ilated for the enti r e post- operative period ; some required 

left ventricular pacing . This study showed, however , that hearts 

preserved by continuous oxygenated, low pressure, perfusion 

suffered l ess extensive histological damage than hearts stored 

in the same solution but not perfused (Spray et al 1977) . 

In one study aimed primarily at r esusci tation of anoxic hearts, 

Angell et al (1968) resuscitated and stored anoxic dog hearts by 

anastomosing the heart he terotopically in the neck of an inter­

mediate host, thus maintaining perfusion over one to three days . 

The hearts were then orthotopically transplanted into recipient 

dogs , where 3 hearts which had not suffered anoxic damage 

supported the ci r culation of the host , though length of survival 

was not reported . One heart which had suffered reversible anoxic 

damage and which was subsequently transplanted after 3 days 

inte rmed iate host perfusion , did support a recipient animal for 

30 days . Although it is difficult to see a homologous intermediate 

host storage system being used in man, xenogeneic (hete rologous 

with respect to tissue grafts , when donor and r ecipient belong 

to widely s eparated species) storage using an immunosuppressed 

animal might be a potential answer to short term storage of 

human cadaver organs (Dupree et al 1969) . The number of experi ­

mental animals, therefore, which have survived rejection 

following orthotopic transplantation supported entire ly by 

hearts which had been stored from 20 - 24 hours remain very small . 

However , recent studies by Guerraty (1981) have shown that dog 

hearts wer e successfully pres~·rved for 24 hours when using low 

pressure, non pulsatile hypothermic perfusion . He preserved 
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15 hearts in this way ; after orthotopic transplantation all the 

grafts were able to support the circulation, with the exception 

of two animals dying of cardiac failure after 1 and 5 days . To 

date this is the only report of a reliable and reproducible 

method of 24 hour in vitro perfusion of the isolated canine heart . 

1.1 . 2 . PRESERVATION UNIT 

Hearts have been protected clinically in ice cold cardioplegic 

solutions for periods of up to 4 hours and a limited period of 

5 to 6 hours is anticipated (English et al 1980; Lower et al 

1978) . For prolonged myocardial protection (24 hours) continuous 

hypothermic perfusion was my chosen method of preservation . Other 

methods of preservation (supercooling, hyperbaric oxygenation , 

normothermic perfusion) was fully reviewed elsewhere (Cooper 1976) . 

The arrested heart was attached to a greatly modified preservation 

unit based on that originally described by Proctor and Parker (1968). 

Clinical application demanded further modification to the unit 

such that it was uncomplicated in design, compact , functionally 

independent and totally transportable . 

1.1. 3 . THE PERFUSATE 

The original solution used in this study was the perfusion 

solution of Krebs and Henseleit, which was a very well established 

perfusate used for preserving viability of in vitro rat hearts 

at normothermia (Opie 1965 ; Neely et al 1967) . The perfusate 

was developed by determining the effect of combinations of 

various constituents on the myocardium during 24 hours perfusion . 

This effect was determined biochemically and improvement made 

by readjustment of the perfusate. (If beneficial, constituents 

retained or increased ; if detrimental, constituents removed or 

reduced) . The perfusate was easily prepared and sterilised by 
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filtra tion with no need for antibiotics . The solution was 

also stable when subjected to large fluctuations in pH and 

temperature . Every chemical in the perfusate was essential , 

and the absence of an y one ingredient re ndered the solution 

inadequate in main taining viabil ity . 

1. 1. 4 . EVALUATION OF MYOCARDIAL VIABILITY DURING PERFUSION STORAGE 

A tes t of functional viability of a preserved organ is essential 

if t he preservation method is to become a clinical reality 

(Maginn et al 1968 ; Calman et al 1973 ; Cooper 1976 ) . Tests 

suggested by others for the dete rmination of myocardial viability 

were used in this study ; oedema f ormation (Proctor and Jones 

1973 ) , coronary flow and coronary resis tance (Proctor and Parker 

1968). During the development of the perfusate used in the 

present study , the above criteria were not consistent as a good 

coronary flow or low coronary resistance did not necessarily 

imply a viable myocardium . These tests wer e unreliable and a 

more extensive assessment was desirable in order t o determine 

the degree of myocardial viability . 

A viability test is imperative if successful preservation r emai ns 

uncertain . Alternatively , i t seemed r easonab l e to believe that 

preserved organs which appea r ed biochemically sound after 

r epeated assessment throughout preservation would function 

satisfactorily . In this report a heart preservation solution 

was developed that worked routinely and the use of a viabili ty 

test afte r preservation was no l onge r essential , provided no 

errors in the perfusate composition occurred . The biochemical 

tests in the development of the pe rfusion were intermittently 

performed during the preservation period to de t ec t any likely 

change that was to occur . These tests included studies of 

mitochondria , lysosomes and sarcoplasmlc reticul um . Other 
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determinations included high ener gy phosphates , glycogen , 

lactate , lactate dehydrogenase , oxygen uptake , glucose uptake 

and coronary flow . 

1. 1. 5 . METABOLISM AND HYPOTHERMIA 

One of the most common cause s of cell dea th under normothermic 

conditions i s hypoxia. The pathophysiology of hypoxic death 

appears to centre on dec reased energy production . The metabolism 

of glucose in the presence of oxygen provides most of this 

energy. Approximately 45% of the energy is successfully captur ed 

in high energy bonds available for late r use in the cell (White 

et al 1964) . Under hypothermic conditions these metabolic 

pathways are altered and may lead to l oss of viability . Our 

current understanding of the biochemical and physiological changes 

induc ed by hypothe rmia is still relatively minimal . One well­

doc umented change is an alteration in cel l volume . The ma i nt­

enance of cell ular volume i s a continuous ly active energy­

consuming process which is dependent on the active extrusion of 

sodium at the cell membrane (Leaf 1959). The lack of energy soon 

causes the sodi um pump to fail and as a consequence , sodium and 

water move into th e cell and the cell begins to swell . This 

correlates with the microscopic swelling which occ urs in ischaemic 

isolated tissue and whi ch is r eversibl e in its early stages 

(Baker 1956) ; and a l so with the inc r ease in the weight f ound in 

hypoxi c tissues in vitro (Enerson 1966). The cel lular swelling 

has been implicated as a possible cause of breaks some times seen 

i n the cell membranes (Ashford and Burdette 1965) . This explains 

the cytoplasmic leakage of potassium (Flink et al 1950) prote ins 

(King et al 1959) and enzyme s (Reese 1962) . Another well - documented 

alteration in cells at low temperatures is their sol idification 

of the membranes because of their content of saturated fats 

(Raison and Lyons 1971) . Since man y key enzymes are membrane-
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associated, the phase transition in the fluidity of the membrane 

modifies the activity of these enzymes . The generation of energy 

(ATP) is highly dependent upon membrane bound enzymes in the 

mitochondria that are dramatically affected by low temperatures . 

Thus , even though low temperature decreased the rate of ATP 

utilization, it also decreased ATP synthesis . The problem is 

that the normal regulatory mechanisms are no longer capable of 

controlling cell metabolism because of the differential effects 

of hypothermia on enzyme activity. 

The primary physiological basis for the use of hypothermia is its 

metabolic lowering effect (McOuiston 1950; Bigelow et al 1954 ; 

Blair 1960) . The fall in oxygen uptake by tissue is said to be 

exponential with the fall in core temperature (Adolph 1950 ; 

Spurr et al 1954). Extrapolation of an exponential curve (from 

data obtained up to 20°C) shows that oxygen uptake ceases at 

10°C (Spurr et al 1954). Actual studies at this level revealed 

a continuous uptake of between 4% and 11% (Cavallero et al 1962) . 

The van't Hoff Arrhenius rule (the rate of a chemical reaction 

is doubled for each 10°C rise in temperature) applies only 

with in certain limits. The greatestfall occurs between 37°C 

and 30°C, be low thi s l evel the decrease may well be exponential 

to 20 °C ; thereafter the decline levels out. Data derived from 

several sources of animal studies under controlled conditions 

(Adolph 1950; Bigelow 1954 ; Cavellero 1962) show the oxygen 

requirements to be reduced as follows 
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DEGREES PERCENTAGE 

37° 100% 

32° 60% - 70% 

30° 50% - 55% 

28° 40% 

2~ 20% - 25% 

10° 10% 

50 5% 

Further metabolic lowering can be induced by the addition of 

the so- called metabolic inhibitors such as magnesium sulphate 

(Fadali and Soloff 1973) , chlorpromazine (Noble 1979) ; by 

reducing metabolism at 5°C to 0.6% causing 99.4% inhibition 

of oxygen uptake (see section 10.5.1). The total metaboli c 

state of an organ is the sum of the anaerobic and aerobic pathways . 

Fisher et al (1956) demonstrated that after a six hour period 

of hypothermia some oxidative mechanisms were interfered with 

and that there was no direct relationship between oxygen uptake 

and the glycogen levels in the liver . The glucose tolerance 

curve was also flattened below 28°C (Wynn 1964 ) suggesting an 

almost complete block of exogenous glucose utilization . In this 

study, glucose levels were measured in an isolated case to see 

whether glucose uptake was similar under our conditions of 

preservation . Our findings agreed with previously reported 

studies . 
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1. 1. 6 . EX VIVO FUNCTIONAL EVALUATION 

The isolated working rat heart perfusion preparation has been 

used for the study of ca rdiac haemodynamic performance (Morgan 

et al 1965; Neely et al 1967; Chain et al 1969) . We have 

modified the system to allow for evaluation of hearts from 

larger animals . The preserved hearts were connected to a para-

biotic blood circulating system using a perfusor pig for re -

oxygenation of the blood. The unit provided a simple method 

for functional evaluation of the preserved heart . Hearts that 

failed during functional evaluation also failed to support the 

circulation after orthotopic transplantation . Successfully 

preserved and functionally evaluated hearts survived orthotopic 

transplantation . 

1. 1. 7. ORTHOTOPIC TRANSPLANTATION 

The ultimate test for myocardia l viability of the preserved heart 

is orthotopic transplantation, though few have assessed the 

efficacy of their preservation systems by this procedure 

(Pitzele et al 1968; Pausescu et al 1978) . The number of animals 

which survived to r e jection following orthotopic transplantation 

supported by hearts which had been stored for 24 hours remains 

very small. Kondo et al 1965 reported 5 day survival in 1 of 29 

puppies after donor heart preservation by hyperbaric oxygenation 

at 3 - 4 atmospheres . Copeland et al 1973 reported 4 of 30 dogs 
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surviving longer than 4 days to rejection . Watson 1977 achieved 

survival after orthotopic transplantation of hypothermically 

perfused hearts, but sacrificed surviving animals after only 

24 hours. All animals were supported by a dopamine infusion and 

ventilated for the entire post- operative period ; some required 

left ventricular pacing . Animals surviving orthotopic transplant-

ation have both haemodynamic function and microscopic appearance 

affected by r ejection . 

1. 1. 8. AUTOGRAFTS 

To determine the long- term effect of perfusion preservation on 

an organ, and to avoid the intervention of rejection , animals 

we r e subjected to 24 hours cardiopulmonary bypass while their 

own hearts were preserved for the same period . Thet~after 

t heir own hearts were orthotopically re-implanted . This method 

was abandoned as l iver, kianey and brain damage always occurred 

due to the l ong bypass period . With continuous failure of the 

above procedure , we developed a new experimental approach . In 

this method a baboon ' s heart was removed for preservation while 

his own circulation was maintained by an orthotopic cardiac 

allograft . At the end of this period t he baboon ' s own heart , 

preserved ex vivo for 24 hours, was replaced . The condition of 

these hearts was a true reflection of the prese rvation effect . 

Any microscopic , biochemical or fun c tional change would be a 

consequence of inadequate preservation . 
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1. 1. 9 . CLINICAL EXPERIENCE 

Obtaining consistent s uccess in both biochemical and functional 

studies , as well as orthotopic transplantation and autot rans-

planta t i on , the programme was extended to clinical transplantation . 

Conditions were somewhat different , for donors were brain dead and 

recipients wer e terminally ill. At this stage a compac t portable 

preservation unit was completed in which four human hearts were 

preserved for 13, 8, 17 and 7 hours r espectively . 



PLOW DIAGRAM OF EXPE!l IMENTAl. PROCEDURES 

Experi menta l Design 
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Design of r .T. 
appa ra tus (MA RK I) 

I 
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l
hypothermic perfu-
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Pe rfusate Solution 
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FTk'°"'l ~ BT+ HP 

So lution 2 (group 2) 
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Solution 3~oup 3) 

r'I,/' 1 BT + HP 

Solution 4~oup 4) FT~1 BT+ HP 

So lut ion 5 Cgr~u p 5) 

F'T/l ~BT+ HP 

Solution 6 (Group 6) 

FT"'1"'BT 
Sol uti~7~oup 7) 

FT 1 BT + !IP 

Solution 8 !Group 8) i/l~ . FT BT + HP 

Solution 8 (Group 9) 

Orthotopic Cardiac Trans­
plantation (Baboons) 

' 3 

6 

1------::,->. 13 

' 6 7 

1--~--") 8 + 3 Autographs 
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where otherwise stated. 

Table 2 
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functional testing 
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CHAPTER 2 

2 . 1. EXPERIMENTAL PROCEDURES 

The heart is unique as a transplanted organ in that it must be 

capable of full function immediately after its i nsertion into the 

recipient . The need for a test of functional viability is , there­

fore , essential i f s hort term storage of the heart i s to become a , 

clinical r eality . The ultimate measure of viability of the pre­

served heart is its ca pac ity to support the c irculation after ortho­

topic transplantation , although ideally the viability s hould be 

known throughout the pe ri od of storage and certainly at the time 

of transplantation . 

Si milarly, orthotopic transplantation as a means of testing all 

cardioplegic agents a nd storage perfusates is logistically imposs­

ible . Preserva t ion of o rgans is an empirical and largely passive 

procedure in which a gr eat deal of effort is expended to maintain 

t he status quo of the tissue by arresting the damage incurred 

before preservat i on starts and i n minimising any further damage 

result ing from preservation . 

Katz (1980) has pointed out that "The large number of indiv i dual 

ingredients of card ioplegic solutions in various concentrations , 

volumes , temperatur es , pressures and rates of injection , and in 

all their possible combinati ons acco rd i ng to the effect of each 

on the heart by all the possible means and models of l ooking at 

structures , compositions and functions , require something in the 

order of 106 experiments". Orthotopic transplantation is , 

therefore, impossibl e as a routine method of eva luation of cardio­

plegic agents , perfusates and perfusion systems, since the choice 

of perfusions is similarly almost unlimited . 
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Ideally any such test of organ viability should be simple , rapid 

and reproducibl e . The search for such a test has explored two 

main routes (Cooper 1976). The first of these is simple , single 

measurement or observation that confirms that tissues under study 

are not irreversibly damaged ; this may take the form of e .g . , 

a visual assay of a myocardial enzyme system , a histochemical 

change , or the monitoring of a fundamental metabolic event s uch 

as anaerob i c glycolysis or lactic acid production . 

Experience gained during the course of this study suggested that 

no single test was efficient to predict organ viability and as a 

result a series of tests were performed . The type of test used 

to detect the areas of damage in myocardium was largely empirically 

based, although some information was obtained from preceding bio­

chemical and functional studies . 

The aim of the work described in this thesis was to devel op a 

successful preservation system. The major problem was the 

development of a solution which would maintain myocardial 

viability for period3 of up to 24 hours . 

Studies relating to 8 solutions are presented in detail , and the 

results of various preliminary screening tests are summarised in 

Appendix 4 . 

Whenever changes in the methodology were introduced , new sets of 

control value s were de termined . For example , initial mitochondrial 

studies were first ca rried out in the absence of BSA, whereas in 

chapter 10 BSA was included in the isolation procedure , yielding 

improved results . At this stage new control values were determined . 
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The original functional testing apparatus wa s also modified 

during the course of the experimental work (chapter 9) in order 

to subject the hearts to greater stress in a less rigi d and more 

physiological environment ; with this al t eration a new set of 

cont r ol values was determined . 

2 .1 . 1. PHYSIOLOGI CAL CHANGES DURING HYPOTHERMIC PERFUSION 

1. The non pulsatile coronary flow was obtained by a timed coll­

ection of fluid fr om the coronary sinus . The rate was 

measured at the start and after 24 hours of preservation . 

Coronary flow in m£/min/gm initial heart weight was used as 

an index of function . 

2 . Coronary vascular resistance (CVR) was calculated as foll ows :-
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CVR = Coronary perfusion pressur e (cm H2 0) x initial heart weight (gm ) 

Coronary fl ow (m£/min) 

3 . Oxygen tension was measured with a Clarke ' s oxygen elec trode and 

myocardial oxygen uptake was calculated using the following 

formula: 

0 2 consumption (µ mole/h/gm = arterial - venous 0 2 tension (mm Hg) 
22 . 4 (m£/mole) 

X solubility of 0 2 at 4°C (m£/m£ H2 0 
22 . 4 (m£/mole) 

X Coronary f low (m£/h) 
dry weight of heart (gm) 

The oxygen tension was measured at the start and at t he end of the 

24 hour preserva tion period . 

4 . Myocardial fluid gain or loss was cal culated by subtracting 

the initial heart weight from the weight a t t he end of the 

preservation period and the r esult was expressed as a percent­

age increase or decrease . 



2 . 1. 2 . BIOCHEMICAL OBSERVATIONS OBTAINED DURING THE PERIOD OF 

HYPOTHERMIC PERFUSION 

1. ADENOSINE TRIPHOSPHATE (ATP) AND PHOSPHOCREATINE (CP) 

The assay mixture (2.8ml) contained 200 mM Tris HC1 (pH 7 , 5) . 

20mM MgC1
2

, 100mM glucose , 1. 3mM NADP and G6PDH (5mg/m£). 

Routinely 0 . 2m£ tissue extract was included . The reaction was 

started by the addition of hexokinase (3mg/m£) and followed 
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spectro~hotanetrically at 340 nm . ATP concentr ation was calculated 

using an exti nction coefficient of ~ . 22 X 10- 6M- 1cm- 1. 

In order to assay CP 10mM ADP was added to the assay mix ture 

and further change in absorption at 340 nm was noted . Back­

ground, endogenous ATP contaminants were determined by 

inclusion of water blanks in place of tissue ex tracts and 

these were subtracted . These values were always less than 

2% . Internal standards were routinely included in accordance 

with Lamprechts and Trautschold (1963) . The A TP assay was 

based on the following r eaction 

ATP+ glucose 
HK 

I 

ADP + G6- P 

l G6 PDH 
NADP 

6 phosphoglucono - J Lactone 
+ NADPH 

The function of NADPH was measured spectrophotometrically at 

340 nm and the glucose concentration calculated using an 

- 6 - 1 - 1 
extinction coefficient of 6 . 22 X 10 M cm . 

was based on the following reaction : 

CP + ADP I ATP + creatine CK 
I 

The CP assay 



2 . 1. 3 . 

2 . 1. 5 . 

2 . 1. 6 . 

LACTATE DEHYDROGENASE (LDH) (EC 1.1.1 . 27) 

The perfusate LDH concentration was determined using the Boehringer 

Mannheim biochemical test - combination kit number 124893 . The test 

principle 

P te NADH + H
+ 

yruva + 
I LDH 

I 
+ 

Lactate + NAD 

The formation of NAD+ was monitored at 340 nm and LDH concentrations 

were estimated using an extinction coefficient of 6.22 X 10-6M- 1cm- 1. 

Samples were taken from the coronary sinus at 4 hourly i ntervals . 

LACTATE 

The perfusate lactate concentration was determined by the use of 

the Boehringer Mannheim test - combination kit number 124842 . The 

test principle 

Lactate + NAD+ I Pyruvate + NADH + H+ LDH 
I 

The formation of NADH was monitored at 340 nm and lactate activity 

was estimated using an extinction coefficient of 6 . 22 X 10-6M- 1cm- 1. 

Samples were taken from the coronary sinus after 1 hour and 12 hours 

hypothermic perfusion and at the end of the hypothermic preservation 

period . 

GLUCOSE UPTAKE 

Perfusate glucose concentrations were enzymatically determined 

(Hohorst 1963) . The test principle was the same as that of glycogen . 

Perfusate samples were taken at the beginning and at the end of the 

preservation period and the difference between these two concentra­

tions were recorded as myocardial glucose uptake . 
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2 . 1. 7 . DETERMINATION OF GLYCOGEN CONCENTRATION 

(Hohorst 1963). The tissue was digested with 40% KOH at 95°C 

and the glycogen precipitated by the addition of cold ethanol . 

The precipitated glycogen was acid hydrolysed (2M HC1 at 96°C) , 

The extract neutralised and the glucose assayed enzymatically . 

Assay principle 

Glucose+ ATP 
HK G6P + ADP 

I 

l G6PDH 

NADP 

6 phosphoglucono - J Lactone 
+ NADPH 

The forma tion of NADPH was measured spectrophotometrically at 340 nm 

and the glucose concentration calculated using an extinction 

coefficient of 6 . 22 X 10- 6M- 1cm- 1. 

The biochemical assessments were determinated during various stages 

of preservation 

1. Befor e and immediately after the period of cardioplegic arrest . 

2 . During the period of 24 hour hypothermic preservation . 

3 . Af ter 1 hour normothermic ex vivo functional evaluation . 

Biopsies from hearts in stage were treated as controls as they 

were not subjected to prolonged preservation periods . 

2 . 1. 8 . ISOLATION OF MITOCHONDRIA 

The mitochondria were isolated from 2 groups of hearts 

1. Freshly a rrested hearts (control group) . 

2 . Hearts preserved for 24 hours and then reperfused with blood 

for 1 hour . 

The method of isolation differed slightly from the procedure des ­

cribed by Sordahl and Schwartz (1971) by omitting the 0 . 5% 

bovine serum albumin (section 5.4 . 2) . In more recent studies 
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bovine serum albumin (sigma fraction V) was included in the 

medium (section 10 . 3 . 4 . ). 

5 grams of tissue were biopsied from the apex of the left ventricle, 

cooled to 4°C, finely diced, placed in medium containing 0 .1 8 M 

KCl and 10mM EDTA , pH 7.2 - 7 . 4 (8 volumes medium per gram of 

tissue) and then homogenised for 10 seconds with a polytron type 

PT 10 - 35 tissue processor at a rheostat setting of 2 . All 

remaining procedures were conducted at O - 4°C . The suspension 

was further homogenised using a teflon and a dounce homogeniser 

to ensure complete cellular disruption . Mitochondria were sep­

arated by differential centrifugation and washed twice in the 

isolation medium (Sordahl AND Schwartz 1971) . After the final 

centrifugation of 1200 g for 10 minutes the pellet was suspended 

in 2 m£ isolation medium . 

ASSAY PROCEDURE 

Oxygen consumption was measured by the method of Chance and Williams 

(1956) using a Clarke oxygen electrode with the vessel temperature 

controlled at 30°C . The assay medium (3 m£) consists of 10mM glu­

tamate and lOmM K2HP04 in 0.25 M sucrose - 1QnM tris - Hcl pH 7.4. 

The reaction was initiated by the addition of 0 . 2m£ pig heart 

mitochondria (10- 20 mg/m£ protein ) . 

After an initial downward deflection the mitochondria reached a 

steady state of stage 4 respiration (figure 2 . 0) . Addition of 

1. 68 µmols of ADP resulted in state 3 respiration . Respiratory 

rates were calculated in nano atoms of oxygen used per mg of 

protein per minute in state 3 (~0
2

) . 
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2 . 1. 9 . 

The respiratory control index (RCI) (the ratio of the state 3 to 

the state 4 rate) and the ADP :O ratio (the amount of ADP phosphor­

ylated per molecule of oxygen consumed was calculated (figure 2 .0). 

Mitochondrial protein concentrations were detennined by the procedure 

of Lowry et al (1951) using bovine serum albumin (sigma) as a 

standard . In the freshly arrested unpreserved control group , t he 

mitochondrial ao2 
was also determined at 23°C and 8 °C respec t i vely ! 

LYSOSOMAL ISOLATION 

The lysosomes were isolated from 3 groups of hearts : 

1. Control (freshly excised immediately after cardioplegic arrest) . 

2 . Hypothermically preserved for 24 hou rs . 

3 . HypothermicalJ y preserved for 24 hours followed by 1 hour 

warm blood reperfusion . 

The entire isolation procedure was carri ed out at 4°C . The hearts 

were placed on ice and 5 grams of tissue accurately dissected from 

the apex before being placed in isolation medium consisting of 

0 . 01M EDTA and 0 . 18M KCl at pH 7 . 4 Wildenthal (1975) . Intermittent 

homogenisation (4 x 4 seconds) of the tissue was carried out using 

a polytron PT 10- 35. The homogenate was suspended in 40 mt isolation 

medium , gently homogenised using a teflon dounce homogeniser and 

centrifuged at 1200 g f or 10 minutes . The resulting pellet was 

kept on ice and the supernatant filtered through a cheese cloth , 

and again centrifuged at 20 OOOg for 30 minutes. The supernatant 

was stored on ice and the pellet washed a further 2 times by 

centrifugation at 20 OOOg for 3 minutes . The final pellet was 

dissolved in 2m£ of isolation buffer. The resulting fractions , 

supernatant , particulate and nuclear were then stressed in the 

detergent Triton X- 100 (1%) to determine their latent activities . 
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2 .1. 10 

In additi on the particulate frac tions were also subjected to 

milder treatment by stressing in Triton X-100 (0 . 1%) . 

ASSAY PROCEDURE 

Lysosomal acid phosphatase activities were determined by the 

formation of p-nit r ophenol at 405 nm from the subs t rate p- nitro­

phenol phosphate . The acid phosphatase activity in the supernatant , 

particulate and nuclear fractions of freshly preserved hearts were · 

compared with those ln the ccrresponding fractions of freshly 

isolated control hearts . 
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ISOLATION OF SARCOPLASMIC RETICULUM VESICLES (SRV) ELETR AND INESI 1972 

The sarcoplasmic reticulum (SRV) from 3 groups of hearts were isolated : 

1. Control (freshly excised immediatel y a fter cardioplegic arrest) . 

2 . Hypothermically preserved for 24 hours . 

3 . Hypothermically preserved f or 24 hours f ollowed by 1 hour warm 

blood perfusion . 60 gms ventricula r tissue were diced in 

cubes of about 2 ems each, washed and cooled in 0 . 1mM EDTA pH 

7 . 4 and homogenised in 300m£ of medium 1: 10mM histidine 

(pH 7 . 4) , 10% suc rose and 0 .1 mM EDTA using a Waring blender . 

Homogenisation was carried out every 5 minutes for 15 bursts 

of 12 seconds , maintaining the pH at 7 . 4 a fter each homogenisat ­

ion with 5% NaoH . The homogenate was then centrifuged at 

15 000g for 20 minutes a nd the pellet discarded . The super­

natant was filtered through glass wool previously washed in 

med i um 1. The f i ltered suspension was centri f uged at 40 OOOg 

for 90 minutes and the sediment resuspended in 55m£ of medium 

2 : 10mM histidine , (pH 7.4) and 0 . 6M KC1 and i ncubated for 40 

minutes at 2 - 3° C, resulting in the solubili sa tion of 

actomyosi~ . The s uspens ion was recentrifuged at 15 OOOg 



for 20 minutes and the pellet discarded . The supernatant was 

again cent rifuged at 78 OOOg for 60 minutes and the final sect-

iment resuspended in m£ imidazole pH 7 . 4, 0 . 25M sucrose . 

The protein content of the final pellet was determined using 

the folin Lowry method with bovine serum albumin (sigma )as a 

standard (Lowry et al 1951). 

ASSAY OF CALCIUM TRANSPORT (MILLIPORE FILTRATION TECHNIQUE) 

The method is essentially that described by Martonosi and 

Ferretos (1964), in whi ch the amount of radioactive calcium 

transported into the SRV is measured by the radio activity 

remaining on a millipore filter. The inclusion of oxalate, 

a freely permeable anion ensures that the transported calcium 

is precipitated within the vesicular lumen as insoluble calcium 

oxalate . The assay mixture (0 . 5m£) contained 20 mM histidine 

45 
pH 6 . 85, 50mM KCl ., 5 mM MgCl

2
,, 0 . 5 mM EGTA, 0 . 5 mM CaC1

2 

(3000cpm/nmol , free calcium ion concentration= 11.2 µ M) , 

5mM potassium oxalate and 10 - 50 p gm SRV protein . The 

reacti on at 25°C was initiated by addition of ATP and 

terminated at various time intervals by filtering aliquots 

(0.2m£) through a millipore filter (type HA 0 . 5 )J pore size) 

and washing with 15 ml water . The reaction was consider ed to 

be terminated as soon as washing commenced . The filter discs 

were dried, placed in 10m£ of instagel (Pacard) and assayed 

for radioactivity . The amount of calcium transported per 

milligram protein, calculated from the radioactivity remaining 

on the filter was plotted as a function of time (figure 2 . 1) 

and found to be linear for at least one minute . The calcium 

uptake velocity (nmol calcium/min/mg) was calculated from 

the slope of the curve . Controls containing no ATP (figure 2 . 1) 

were assayed for eac h preparations and were always -<'1% . 
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2 . 1.11 ORTHOTOPIC TRANSPLANTATION 

COLD CARDIOPLEGIC ARREST AND DONOR HEART EXCISION 

Baboons weigh ing 10 to 20 kg were premedicated with ketamine 

hydrochloride 100 mg i . m. The baboon was given pancuronium 

2 mg iv ., atropine 0 . 3 mg i .v ., morphine 7 . 5 mg i . v ., 

intubated endotracheally and ventilated with oxygen (4£/min ) 

and nitrous oxide ( 6£/min) . Cephalothin sodium 1 gm i. v . , and • 

methylprednisolone 125 mg i.v . The heart was not excised until 

blood gases and acid -base balance were within normal limits . 

Through a median sternotomy the azygos vein was doubly ligated 

and divided . Heparin (1000 units/kg i . v . ) was given . The 

superior vena cava (SVC) was then doubly ligated cephalad to 

the azygos vein and divided . The brachiocephalic artery was 

ligated distally and cannulated for subsequent cardioplegic 

infusion, the tip of the cannula lying in the arch of the aorta . 

The aorta was cross- clamped distal to the cannula, followed by 

immediate division of the inferior vena cava (IVC) and one or 

more pulmonary veins , and 500 m£s of cardioplegic solution 

(Table 2 . 1) at 4°C was infused , the infusion pressure not being 

allowed to rise above 100 mmHg . Cessation of heart beat 

occurred within 10 to 15 seconds if both right and left sides 

of the heart we re adequately decompressed ; the infusion of 

500 m£ solution was completed within 1 to 3 minutes by wh ich 

time myocardial temperature had fallen to approximately 17°C . 

Excision of the heart was then completed by division of the 

pulmonary veins, the pulmonary artery at its bifurcation, the 

aorta proximal to the brachiocephalic artery , and the 
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medias tinal tissue pos t erior to the heart . The heart was then 

serially immersed for one mi nute in each of two bowls containing 

cold 4° C normal sa line or cardioplegic solution causing the 

myoca rd ial temperature to fall to approximately 12°C . 

The hear t was then we ighed and transfe rred t o the perfusion 

apparatus . The time interval between aortic c ross-clamping 

and the initiation of perfusion under r e frigerat·on conditions 

was approximat ely 10 - 12 minutes . . 

TECHNIQUE OF ORTHOTOPIC TRANSPLANTATION 

Baboons we ighing 10 to 20 kg and ma tc hed f or AB blood group with 

donor baboons, were premedi cated , anaestheti sed and ventilated 

as were the donors . 

Double doses of P3TCu r oni um, atrophine and morphine were given 
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and these doses we re r e peated after opening t he chest . Cephalothin 

s odium 1 gm i .v . was gi ven and repeated eight hourly for three 

days . Me thylprednisolone 25 mg i . v . was given and was repeated 

at intervals during the operative and earl y post- operat ive pe r iod 

until a total of 125 mg had been administered (or 10 mg/kg/body 

weigh t in t hose baboons to be immunosuppressed) . 

After the recipient heart had been excised , the donor heart was 

removed from the overnight perfus ion apparatus . The donor 

heart wa s we ighed . At 20 minute intervals throughout the period 

of insert ion , saline at 4°C was syringed into the pericardi um 

to cove r the heart to maintain a low myocardial temperature . 

Myoca rdial temperature rose to approximately 20°C during the 

peri od of insertion . 
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It has been our policy to continue pump- oxygenator support for 

60 minutes following the release of the aortic clamp . Spontan­

eous coordinated contractions or , rarely, ventricular fibrillation 

requiring e l ectrical defibrillation occurred. Before discontin­

uation of cardiopulmonary bypass, an isoproterenol hydrochloride 

infusion (1 microgram/minute) was set up , and if urine output 

was low, frusemide 3 - 5 mg i . v. administered . 

POST-OPERATIVE MANAGEMENT 

The baboon was weaned off ventricular support over the next 

four hours, isoproterenol support was maintained electively for 

one to two hours and then slowly reduced . On a few occasions 

it has been necessary to add a dopamine hydrochloride i nfusion 

(100 micrograms/minute) to maintain an adequate pressure during 

the immediate post- operative period ; this was discontinued as 

soon as possible . Once the baboon was haemodynamically stable 

without inotropic support , maintaining satisfactory blood 

gases, breathing spontaneously on air , it was extubated and 

returned to its cage . 

An immunosuppressive regime (to 12 of the 22 baboons) consisting 

of azathioprine 2 . 5 mg/kg/day and a decreasing dose of methyl ­

prednisolone (until by the fourth post- operative day the baboon 

was receiving a maintenance of 2 mg/kg/day) was given by oro­

gastric tube passed under ketami ne sedation . No attempt was 

made to treat acute rejection episodes (suggested by diminishing 

ORS voltage on ECG) by increased immunosuppressive therapy . 
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2 . 2 . 1 CARDIOPLEGIA 

COMPOSITION OF THE CARDIOPLEGIC PERFUSATE 

There is an obvious parallel between the short- term cardiac . 

arrest during open - heart surgery and long- term 24 hours preserv­

ation of hearts f or subsequent transplantation . In each case , 

functional integrity must be preserved as well as possible, 

during a period of imposed reduction of metabolic activity . 

A brief historical review of methods of myocardial protection and 

the type of solution chosen f or this study was introduced in 

section 1. 1. The determination of an ideal cardioplegic agent 

reaches far beyond the scope of this study and the choice of an 

existing effective solution was, therefore , compulsory . Small 

changes were, however , made with the intention of preventing 

cardioplegic induced injury from extending into the hypothermic 

perfusion pe riod . The composition of the cardioplegic agents 

used during t he stages of development of the perfusates are 

s hown in table 2 . 1. The solution entitled Cl was used to arrest 

the fresh con trol hea rts and hearts preserved in groups 1 - 6 . 

The solution entitled C2 was used for the arres t of groups 7 , 8 

and 9 , It was hoped that the solution C2 would provide the myo­

ca rdium with most of its natural ionic constituents (Hearse et 

al 1975) . The e ffects of potassium (sect ion 5 . 1. 1), magnesium 

(sec t ion 5 . 1. 2) and procaine (section 5 . 1. 4) and the importance 

of calcium (section 10 . 5 . 1) on cardiac metabolism are discussed 

elsewhere . Although absent from the final perfusate, insulin was 

still present in the cardioplegic solution and was considered 

essential for the f ollowing r easons . During cardioplegic arrest 

myocardial activity was conver t ed from an active to a passive 

stage, during which time , insulin was thought essential to 

facilitate the use of substrate un ti l contractile motion ceased 
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and to possibly maintain glycogen stores . In combination with 

hypothermia the cardioplegic effect was produced by potassium , 

(Wright et al 1978 ; Gharagozloo et al 1979 ; Lucas et al 1980) 

magnesium (Hearse et al 1978) procaine (Fey et al 1977) and 

verapamil (Nicholson et al 1978). Calcium may not be essential 

in cardioplegic solutions used during open- heart surgery because 

it is supplied to the myocardium by non- coronary collateral fl ow 

(Buckberg 1979) . On the other hand , in the isolated heart used 

in cardiac transplantation , the non- coronary collateral flow is 

absent and calcium is then a pre- requisite in cardioplegic 

solutions as its absence results in a so- called calcium paradox 

(Zimmeman et al 1967 ; Jynge et al 1977; Yates 1975) and may even 

lead to the rare extreme form of ischaemic damage called "stone 

heart " (Cooley et al 1972) . 

During the development of the perfusate certain hearts in various 

groups developed enhanced resting myocardial tension , becoming 
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hard to the touch and sometimes resembling the condition of 

myocardial contracture . Some of these features occurred immediately 

after the initial cardiac arrest and in most cases at the end of 

the period of preservation . The exact cause of this phenomenon 

was not identified but it was thought to be related to changes 

in myocardial calcium distribution . To help protect against 

some induced injury during the cardioplegic period, the slow 

cha nnel calcium inhibitor verapamil (calcium antagonist ) was 

included in the new cardioplegic solution . This new solution was 

used to arrest hear ts in groups 7 , 8 , 9 , and human hearts 

preserved for clinical transplantation . According to Poole-

Wilson (1981) , verapamil acts by inhibiting only the slow channel 

calcium flow of myocardial smooth muscle and pacemaker cells . 

Thus , a conduction system- induced negative inotropic effect 
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occurs, reducing the work of the heart at the onset of ischaemia , 

delaying and later protecting the rate of ATP consumption (Singh 

et al 1978 ; Poole- Wilson 1981) . Verapamil protects against toxic 

doses of isoprenaline and also has vasodilator properties (Singh 

et al 1978); Opie 1980) . 

RESULTS 
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These observations were made during the development of the various 

perfusates with the aim of preventing any possibility of irreversible 

damage occurring during or after the period of cardioplegic arrest . 

ATP , CP AND GLYCOGEN 

Changes in tissue levels of ATP, CP and glycogen are shown in table 

2 . 0 . After cardioplegic arrest these va lues al l remained within 

the normal range . Therefore, no depletion occurred during arrest. 

2 . 2 . 3 . LDH 

2 . 2 . 4 . 

The release of LDH during the period of cardioplegic arrest 

(using Cl) is shown in figure 2 . 3 . As the blood was washed 

from the coronary vessels, the LDH level rapidly decreased . 

The myocardium did not release significant levels of LDH during 

this period . 

TEMPERATURE CHANGES DURING CARDIOPLEGIA 

The effect of cardioplegic infusion and topical cooling on myocard­

ial temperature is shown in figure 2 . 4. An initial rapid decrease 

in temperature (25°C) occurred , followed by a more gradual 

decrease . 



2 . 2 . 5 . DISCUSSION AND CONCLUSIONS 

Most cardioplegic solutions off er some degree of protection to the 

myocardium during ichaemia but , on rare occasions , hearts respond 

unusually to cardioplegia resulting in ischaemic contracture 

"stone hearts". In this dissertaion 264 pig hearts were cardio­

plegically arrested , of which 5 developed enhanced resting myocard­

ial tension. Subsequent preservation of these 5 hearts followed 

by functional testing resulted in no cardiac output at all under 

the testing conditions . The purpose of this brief study was to 

choose or modify an existing cardioplegic solution such that the 

above changes would not occur . The results of measurement of 

the tissue high energy phosphates and glycogen suggest that no 

injury had been sustained by the myocardium during cardioplegic 

arrest . The pattern of release of LOH similarly indicated no 

injury . The cardioplegic solution C2 was also used to arrest 

baboon (N=30) hearts for subsequent valve replacement. The 

solution was infused into the myocardium every 20 minutes . 

After cessation of cardiopulmonary bvpass these hearts regained 

sinus rhythm and only rarely required inotropic support . Mean 

pressure ranged between 80 - 120 mmHg and no problems were ever 

encountered; all the animals were returned to their cages within 

4 - 10 hours after cardiopulmonary bypass. 

In this study the actual cause of injury to the myocardium during 

cardioplegia was not identified, but a significant feature was 

the rapid decline in myocardial temperature (25°C) within the 

first minute of infusion of cardioplegic solution (figure 2 . 4) . 

The initial rate of temperature change was induced by cardioplegic 

infusion and topical cooli ng was 0 . 4°C/second , 14 fold greater than 

the threshold rate of injury of 0.03°C/second (Lovelock 1954) . The 

mean rate of cooling during the second and third minute of 
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cardioplegia was 0 . 038°C/second and 0 . 052°C/second respectively 

(figure 2 . 4) . Smith (1954) has shown that many types of living 

cells suffer damage on rapid cooling , though slow cooling or 

prolonged exposure to low t emperature may be harmless . Changes 

in a physical environment producing this type of damage in 

sensitive cells are described by the general term " thermal shock" 

(Lovelock 1955) . Lovel ock (1955) describes the nature of the 

damage to be mechanical failure of the cell membrane to cope with 

the stress of differential temperature gradients . He attributes 

the extent of damage to the temperature of the cells and the 

interval of the temperature through which it is cooled . In these 

experiments using both bull spermatozoa and red blood cells, he 

showed a change in temperature from 30°C to 0°C to destroy 90% 

of the cells , provided the rate of cooling was greater than O. OJ?C/ 

seconds . The membrane also hardens as the temperature falls due 

to solid i fi cat i on of the lipid components increasing the tension 

and predispos ing it to fracture (Raison and Lyons 1970). This 

phase transition in the fluidity of the membrane also affects 

membrane- assoc iated enzyme activity . Nuclea ted cells have also 

been shown to be destroyed by r eduction in temperature without 

free zing (As hwood - Smith and Farrant 1980) . The effect of cooling 

on themyocard iumin this respect ls unclear but it is reasonable 

to assume that a drastic change i n myocardial temperature would 

affect memb rane s tructural components , although a relative 

qualitative difference between bull s permatozoa , red blood cells 

and myocard ial cells exist . 

It was hoped that this cardioplegic solution would protect 

against vast tempe rature changes and calcium overload . Protection 

against temperature induced injury was provided by the procaine 

hydrochlor i de (Buckberg 1979) and the elevated magnesium 
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sulphate concentr ation (Holland 1964) . Injury by calcium 

overload was presumably prevented by incorporating the slow 

channel inhibitor verapamil into the perfusate . The dosage of 

verapamil was calculated not to lead to myocardial depression . 

THE HYPOTHERMIC PERFUSION APPARATUS 

The non- pulsati l e pe rfusion apparatus (figure 2.2) was based on 

that originally desc ribed by Proctor a nd Parker (1968) and 

subsequently used by Copeland e t al (197 3 ). In this apparatus 

the heart was perfused at 8 to 10 cm H2
o pressure for 20 to 24 

hours under refrigerated conditions (6°C to S°C) . The perfusate 

was a clear fluid hyperos mola r solution to which 95% o2 
and 5% 

CO2 were con tinuous ly bubbled to maintain the perfusate pH between 

7 . 2 and 7 . 4 . Myocardial t emperature stabilized after 1 - 2 hours 

at approximately S°C . The non-pulsati l e perfusion apparatus 

consi sted of a cyl indrical perspex 4 l itre chamber in which the 

heart was suspended by the aorta , through which it was perfused . 

The two perfusion circuits consi sted of s t erile polyvinyl tubing 

and two peristaltic rolle r pumps . One circuit i ncorporated a 

0 . 8 Micron filter delivering perfusate from the lower reservoir 

to the aorta , the second circuit decompressed t he right ventricl e 

by aspirating coronary venous r eturn from it and returning it to 

the lower reservoir into whi ch the gas mixture was bubbled . This 

s ystem was primed wi t h 2 litres of perfusa te whose pH was measured 

at 30 mi nute i nterval s and adj usted by increasing or decreasing 

t he gas mixture flow . All perfusate entering the right ventricle 

was coronary venous r eturn, coronary flow could therefore be 

readily collec t ed and measured . At the beginning and end of the 

perfusion period , coronary fl ow and coronary arterial venous o
2 
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uptake were measured, coronary resistance was calculated . 

After the period of perfusion the heart was either subjected 

to further biochemical analysis or weighed and functionally 

evaluated . 
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2 . 4 . 1. FUNCTIONAL TESTING APPARATUS 

Various techniques of ex vivo functional testing have been used in 

the evaluation of cardioplegic solutions and isolated heart function 

(Neely et al 1967 ; Pitzele et al 1968 ; Levitsky et al 1970 ). 

Absolute confidence in these systems as a method of functional assess­

ment is lacking , and orthotopic transplantation is the ultimate 

determinant of viability . The latter is , however , a difficult, 

time- consuming and expensive procedure . For the results of ex 

vivo testing to be mea ningful , any evaluation must be correlated 

with and confirmed by orthotopic transplantation . This study 

describes a simple method for the functional evalua tion of the 

heart which we believe provides an accurate prediction of the 

function of the heart if that heart were to be orthotopically 

transplanted . Thi s system is thus suitable for quantitative 

screening of various storage techniques without the need for 

orthotopic transplantation . This system is shown in figure 2 . 5 . 

After the 24 hour preservation period the hearts were functionally 

evaluated . In groups 1 t o 6 the apparatus was unmodified whereas 

in groups 7 to 9 an aortic balloon and a non- linear resistance were 

included in the apparatus (figure 2 . 5) (See Appendix 2) . Parameters 

determined during functional testing therefore differed quantitat­

ively between groups 1 to 6 and groups 7 to 9 . 

Parameters determined during the hypothermic preservation period 

were not influenced by the change to the functional testing 

apparatus . 

Oxygenated blood matched for group was supplied by a perfusor pig , 

to wh ich deoxygenated blood was returned (ventilation of this 

animal was monitored by repeated determination of arteria l P0
2 
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and pH). Initially the aorta was retrogradely perfused as 

a Langendorff system supplying blood to the coronary arteries 

of the isolated heart. This allowed a period of recovery, usually 

con tinued for 5 - 15 minutes . When the myocardial temperature 

registered 37°C , the heart was defibrillated and the model converted 

into the working mode . Blood was then directed into the left atrium 

of the isolated heart, converting the role of the heart from a 

passive to an active one by challenging the left ventricle with 

blood from the left atrial reservoir. If myocardial preservation 

had been good , the left ventricle pumped blood (th rough the aortic 

balloon and non- linear resistance of the modified apparatus) to a 

height of a 100cm H2o after wh ich the blood was returned t o the left 

atrial reservoir . Preload and afterload were adjustable but usually 

kept constant at 11 cm H
2
o and 80mmHg respectively during the period 

of testing. All hearts were tested for one hour during which time 

haemodynamic parameters were recorded . Cardiac output measurements 

were made twice during the one hour period . The pressure determin­

ations were recorded at the same time . Coronary flow , stroke 

volume and oxygen uptake were measured at the end of the one hour 

period . The hearts were then weighed and biopsied for biochemical 

and histological examinations . 

In reality a functional measurement that can be related to the 

precise number of myocardial cells destroyed or damaged within 

the hear t at a given period of time would be ideal . This measure 

presently does not exist , so the classical method of Neely et al 

(1967) (described be l ow) was used f or myocardial assessmen t . Use 

was not made of the i ntra ventricular balloon which had frequently 

been made to assess heart function in larger animals (Pitzele et al 

1968 ; Levitsky et al 1970) ; this method involves removal of the 

mitral valve leaflets al l owing the insertion of a soft latex 
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2 .4.3 . 

balloon into the left ventricular cavity . The mitral valve ring 

is then c losed us i ng a purse string suture and t he balloon inflated 

with fluid. The flui d was unejectable and the model was considered 

unphysiological . 

FUNCTIONAL EVALUATION OF FRESHLY ISOLATED (CONTROL) AND 
EXPERIMENTAL HEARTS 

METHODS 

Healthy pigs , weighing ~5 - 25 kgs wer e used as heart donors . After 

overnight starvation and premedication with ketamine hydrochloride 

(5mg/kg) t he animal was anaesthetised with intravenous (i . vJ 

thiopentone sodium (2 . 5 mg/kg ) and morphine (1 . 5 mg/kg) . Alcuronium 

chloride (0 . 5 mg/kg i . vJ was used as a muscle r e laxant . Endotracheal 

intubation wa s carried out and ventilat ion maintained with oxygen 

(JL/min and nitrous oxide (6L/min ) . Venti lation was monitored by 

r epeated determination of arteria l p0
21 

pC0
2 

and pH . 

COLD CARDIOPLEGIC ARREST AND EXCISION OF THE HEART 

A median sternotomy was performed . Heparin (1000 units/kg i .~) was 

given . The branchiocephalic artery was ligated distally and cannul ­

ated proximally, the tip of the cannula lying in the aorta . The 

superior vena cava, azygos vein , and both right pulmonary ve ins 

were each doubly ligated and divided . The aorta was cross-clamped 

distal to the origin of the branchiocephalic artery. The inferior 

vena cava (after clamping at the diaphragm) and both left pulmonary 

veins we r e divided, followed immediately by the infusion of 500 ml 

of cold 4°C cardioplegic solution (table 2 . 1) through the branchio­

cephalic artery cannula , the i nfusion pressure not be ing allowed to 

rise above 100 mmHg . The heart wa s also bathed i n 500 mf of normal 

saline at 4°C . Arrest of the heart occurr ed within 15 - 20 seconds 

after the beginning of infusion (wh ich was completed within 1 - 3 
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minutes) by which time myocardial temperature had fallen to 

approximately 10 - 15°C . 

Excision of the heart was then complete, with the heart immersed in 

cold 4°C normal saline for 1 minute . While immersed the bridge of 

tissue between the orifices of the left superior and inferior pul ­

monary veins was excised and a continuous suture placed around this 

opening , for subsequent ligation around the left atrial cannula of 

the testing apparatus . The heart was then weighed and either trans­

ferred to the functional testing apparatus or subjected to 24 hours 

hypothermi c perfusion preservation . The total time from initiation 

of infusion of cardlopl egJc soluti on taking approximately 10 - 14 

minutes . 

PARAMETERS DETERMINED DURING EX VIVO FUNCTIONAL EVALUATION 

The system is shown in figure 2 . 5 . The following parameters were 

either measured or recorded . 

1. Cardiac output (CO) was obtained by a timed collection of 

aortic output plus coronary venous return (CF) . 

2 . Stroke volume (SV) was calculated using the formula CO= HR X SV 

where HR= heart rate . 

3 . Pressure determinations were recorded using a Statham P23H 

transducer : Left ventricular pressure (LVP) , left ventricul a r 

end - diastolic pressure (LVEDP) and aortic pressure (AOP) . 

4 . Oxygen tension was measured with an oxygen electrode from which 

myocardial oxygen uptake was calculated by the following formula : 
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Oxygen consumption mmol/h/gm = Arterial - venous oxygen tension (mm Hg) 
760 (mm Hg ) 

X solubility of oxygen at 37°C (ml/ml H20) 
22 .4 (ml/mmole) 



2 .4.5. 

X Coronary flow (ml/h) 
Dry weight of heart (gm ) 

CONTROL HEARTS 

The functional testing apparatus was used to test control hearts 

and hearts preserved in groups 1 - 6 . Thereafter the apparatus 

was modified incorporating an aortic balloon and a non-linear 

peripheral resistance . Thi s mod i fi ed version was used to test 

hearts in groups 7 - 9. The advantages .and proposed dynamics of 

the new system are discussed in appendix 2 . 
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CONSTITUTION OF THE CARDIOPLEGIC AGENTS 

Cl C2 

g/L . (mM) g/L (mM) 
---

1. NaCl 6.54 111. 9 6.00 102.0 

2. NaHC03 2 .10 25.0 0.38 4.0 . 
3. KCL 0.82 11.0 0.75 10.0 

4. KHl04 
0 .16 1.2 - -

5. CaC1 2. 2H 2o 0 .15 1.1 0 .15 1. 1 

6. MgS04. 7H 20 0.29 1.2 3.50 14.0 

7. Procaine hydrochloride 0.27 l.O 0.27 1.0 

8. Insulin 40 units/L 20 units/L 

9. Glucose 2.00 11. l - -

l O. Dextrose - - 50 278 

11. Verapami l hydrochloride - - 1. 5mg 3. l pM 

12. Osmolality 300 milliosmoles 320 mill iosmoles 

13. pH at 4°C 7.4 7.4 

C = Cardioplegic solution 

TABLE 2.1 
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Fig . 2 . 0 

A recording of in vitro mitochondrial oxygen uptake using a Clarkes 

oxygen electrode. 

State 4 represents a steady slate of respiration . 

Addition of ADP results in state 3 respiration in which ADP is phos pho-

rylated forming ATP . 

Once all the ADP has been phospnorylated , the mitochondria resort to 

state 4 respiration again . 
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Fig. 2. 1. 

++ ++ Kinetics of Ca transport by SR vesicles. Ca uptake was measured in 

the standard assay mixture containing 10 ng/ml SR protein . The reaction 

at 25°C was initiated by addition of ATP (5mm) and terminated by 

filtering aliquots through a millipore filter at the various time inter-

vals indicated. 
. 45 ++ After washing , the Ca remaining on the dried filters 

was assayed in a scintilla tion counter . 
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Bubble Trap 

'' 

0·8µ Filter 

.. 

.. 
Coronary Return 
Pump 

Roller Pump 

Fig . 2 . 2 . 

' 

Bubbler 
95°/002 
5°/0C02 

Diagram of the laboratory non-portable hypothermi c perfusion unit . 

· Perfusate is pumped from t he lower reservoir through a 0 . 8 micron fil t er 

tnto the upper reservoir ~bubble trap), from which the aorta is retro­

gradely perfused . Coronary effusate i s pumped from the right ventricle 

back into the lower reservoir . 
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Figure 2 . "3 

The e ffec t of 4°C cardiopl egic infusion on my ocardial lactate dehydrogenase 

(LDH) re l ease , taken ove r a period of 3 minutes . Infusion of cardioplegic 

solution began at time zero seconds and continued throughout the 3 minutes . 

Bars represent S . E. M. 
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2.3 ·c 

n= 4 

2 3 

Time (mins) 

Myocardial septal temperature during the period of 4°C cardioplegic 

infusion. Bar represents S . E. M. 
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F 

100an~ 

CBF 

Fig . 2 .5. 

·· T 
LAPS· 
20an 

l 

Functional testing appa ratus . HE= heat exchanger, WK= windkessel, 

PR= periforal resistance , AOB = aortic ballon, LAR = left atrial 

r eservoir , LVP = left ventri cula r pressure, CBF = coronary blood flow, 

LAP=· left atri a l pressure, F = filter, P = pump . 

Oxygenated blood is s uppl ied to the circuit from an anaesthetized 

perfusor pig :black a rrows ) . Blood flows from the left atrial reservoir 

to the left atrium at a fixed pressure of 11cm H2o. The blood is then 

pumped through the circuit by the heart as illustrated by the white 

arrows . CBF r eturns to the perfusor pig for re-oxygenation . 

For functional determinations see text. 



CHAPTER 3 

GROUP 1 

3 PRESERVATION CONDITIONS 

3 . 1 . 1. 

3 . 1. 2 . 

There are an inflnltenumber of chemical combinations and concentra­

tions possible for the preparation of an ideal perfusate (Katz 1980) 

and consequently no record of a perfect solution has been reported . 

At the beginning of this investigation my knowledge about preserv­

ation was limited and the simple , well studied Krebs and Henseleit 

solution was chosen as the initial perfusate (table 3 . 1) . This 

perfusate was originally used by Neely et al (1967) to preserve 

functional viability of rat hearts at normothermia . All preserved 

hearts in the present study were hypothermically perfused for 24 

hours . The preservation system is fully described elsewhere 

(Chapter 2) . The parameters used for the estimation of viability 

after 24 hours preservation are tabulated in tables 3 .2 and 3 . 3 . 

ADENOSINE TRIPHOSPHATE (ATP) AND CREATINE PHOSPHATE (CP) 

Determination of tissue ATP and CP prior to preservation and during 

the 24 hour prese rvation period are shown in figures 3 . 1 and 3 . 2 

respectively. The ATP gradually decreased to less than 50% of the 

initial value and the CP had a more rapid decline within the first 

3 hours of preservation . 

LACTATE DEHYDROGENASE (LDH) 

Changes in the release of LDH into the preservation medium were moni ­

tored for 20 hours during the preservation period and the results are 

shown in figure 3 . 3 . A large increase in perfusate LDH levels occur­

r ed after 9 hours of preservation reaching abnormally high values 

after 20 hours . 
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3 . 1. 3 . CREATINE KINASE (CK) 

The release of CK into the perfusing medium was monitored for a 

20 hour preservation period and the results are shown in figure 

3 . 4 . The perfusate concentration steadily increased throughout 

the period of preservation . 

3 . 2 . 1. OBSERVATIONS DURING THE PERIOD OF HYPOTHERMIC PERFUSION 

Coronary flow at the beginning of the perfusion period was 0 . 77m£/ 

min/gm and became steadily less over the 24 hours ; in five of the 

ten hearts no coronary flow could be recorded after 24 hours , and 

in the remaining five hearts the mean flow was 0 . 045mt/min/gm . 

MICROSCOPY 

Histological examination showed interstitial oedema but no other 

significant changes . 

3.3 . 1. OBSERVATIONS DURING THE PERIOD OF FUNCTIONAL TESTING 

These hearts required r epeated episodes of defibrillation , with 

many rhythm disturbances throughout the period of functional tes­

ting . The hearts gained 2 1% of their initial weight (table 3 . 4) 

after 24 hours preservation and gained an additional 2% after 1 

hour warm blood r eperfusion. The functional response was a lways 

poor. Contractions were weak and no cardiac output could be 

measured in six of the ten hearts tested (table 3 . 5) . The mean 

coronary flow of these hearts was low when compared with control 

values (Table 3 . 6). With such poor functional response no fu rther 

parameters were determined . At the e~d of the testing period the 

hearts felt hard to the touch . 

60 



3 . 4 . 1. DISCUSSION AND CONCL USIONS 

These results are cha racteristic of organ ischaemia (Trump et al) , 

1976) in which a progressive failure to maintain energy metabolism 

was manifes ted as a decline in ATP and CP (Calman 1974 ; Collins et 

al 1977) . These hearts were hard to the touch wh ich suggested that 

they had undergone i schaemic contrac ture of the myocardium . 

(Cooley et al 1972 ; Katz and Tada 1977) . The condition r esembled 

rigor mortis in skeletal musc l e ; the left ventricle was firm and 

contracted , and Lhis systolic arrest was irreversible . The re­

sultant cellular derangements included acidosis (Vogt and Farber 

1968) , swell ing , ionic exchange resulting in the release of de­

structive lysosomal enzymes (Malbica 1971 ; Wilkinson and Robinson 

1974) . A more dramatic result was the increased release of LDH 

and CK after 12 hours preservation (figures 3 . 3 and 3 . 4) . 

A high release of LDH was also found i n poorly preserved kidneys 

(Johnson 1972) . At this stage it was felt that a further gain 

in heart weight after r eperfusion was related to poor preserva­

tion . It was well recognised that maintenance of a normal cell 

volume was an energy requiring process which used a major propor­

tion in ord e r to balance the osmotic effect of the Donnan equili­

brium produced by the protein anions (Willis 1972) . Thus , when 

the sodium potassium pump was inhibited by cold or t he use of 

metabolic inhibitors, cel l swelling was a characteristi c response . 

Thores et al (1972) further s uggested that this effect not only 

changes intracellular organelles , but also amplified and prol onged 

the i schaemic injury by interfering with restoration of blood flow 

to the organ . Belzer et al (1 972) have shown vascular endothelium 

to be particularly sensitive to ATPase depression which was direct­

ly related t o the no- flow effect . 
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The no- flow phenomenon was demonstrated in this study in which 

five hearts had no measurable coronary flow . 
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Fig . 3 . 1. 

Myocardial biopsies for the determination of tissue adenosine tr i phos­

phate (ATP) levels before cardioplegia (in vivo) after cardioplegia 

(arrested) and duri ng hypothermic perfusion taken over a period of 

24 hours . Bars represent S . E. M. 
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Fig . 3.2 . 

Myocardial biopsies for the determination of tissue creatine phosphate 

(CP) levels before cardioplegia ( in vivo) after cardioplegia (arrested) 

and during hypothermic perfusion , taken over a period of 24 hours . 

Bars represent S . E. M. 
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F'ig. 3 . 3 . 

Perfusate lactate dehydrogenase ILDH) concentrations determined during 

the period of hypothermic perfusion. Bars represent S .E.M. 
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period of hypothermic perfu sion . Bars represent S.E.M. 
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CHAPTER 4 

GROUP 2 

4 MODIFICATIONS TO THE PERFUSATE 

The only alteration to this perfusate included the addition of the 

amino acid taurine (appendix 4) (table 4 . 1) . This amino acid is 

found in the mammalian body concentrated in many tissues particu, 

larly heart muscle , where it constitutes about 50% of the free 

amino acid pool (Jacobsen andSmith , 1968) . Taurine also pl ays a 

role in ion movements in the heart (Guidotti et al, 197 1), and pre­

vents the l oss of potassium , leading to stabilization of the mem­

brane potential (Chazov et al , 1974) . Its absorption into the 

myocardium is rapid (moving against a concentration grad i ent) where 

it is converted into isethionic acid , which helps maintain the nor­

mal electrical rhythm of the heart (Chazov et al, 1974 ) and has 

73 

been shown to reverse digoxin and adrenaline , - induced arrhythmias 

(Read and Welty, 1963) . This zwitterion also has a protective ef­

fect en ATPase activities with an even stronger preservation effect 

on sarcoplasmic reticulum , calci um binding and transport (Huxtable 

and Bressler, 1973) . With these numerous advantages at normothermia 

it was felt worthwhile to study the effect of this amino acid in 

hearts preserved by hypothermic perfusion for twenty- four hours . 

The parameters studied during hypothermic perfusion (table 3 . 2 ) and 

functional testing (tab l e 3 . 3 ) are tabulated . 

RESULTS 

4 . 1. OBSERVATIONS DURING THE PERIOD OF HYPOTHERMIC PERFUSION 

The myocardial texture was firm, unlike the soft texture after cardio­

plegic arrest alone . A mean weight gain of 23% occurred (table 4 . 2) . 



The release of LDH into the perfusate is shown in figure 4 . 1. The 

upper curve demonstrates an uncontrolled release of LDH in the 

absence of taurine (Krebs and Henseleit solution) whereas the 

lower curve was determined in the presence of taurine . 

4 . 1. 1. MICROSCOPY 

Histological examinations showed only interstitial oedema and no,. 

other significant features . 

4 . 2 .1. OBSERVATIONS DURING THE PERIOD OF FUNCTIONAL TESTING 

All the hearts required electrical defibrillation and were able to 

overcome the afterload of the system (table 4 . 3) and rhythm distur­

bances were virtually absent . Although contractions were not vigo­

rous, the heart sti ll managed to maintain a consistent CO through­

out the period of evaluation (table 4 . 3) . These hearts gained 

weight (2%) after functional evaluation . 

4 . 3 . 1. DISCUSSION AND CONCLUSIONS 

Three notable advantageous effects of adding taurine were observed 

in this study : 

1. The release of LDH was effectively decreased. (The effect of 

taurine on the release of LDH was maintained throughout the 

period of preservation) . 

74 

2 . All the hearts were able to overcome the afterload of the system . · 

3 . The hearts had regular rhythm. 

Although preservation had improved , heart function was far from 

satisfactory when compared with function of the control group 

(table 4 . 3) . The perfusate obviously required improvements . It 

was hoped to conserve the beneficial effect of taurine in the pres­

ence of other perfusate modifications . 
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CHAPTER 5 

GROUP 3 

5 . MODIFICATIONS TO THE PERFUSATE 

This perfusate was a modified version of that used by Hearse et al 

(1976) (table 5 . 1) . The solution of Hearse was an extracellular 

based fluid used to perfuse rat hearts that had been subjected to 

30 minutes of normothermic ischaemia . These hearts recovered 93% 

of their pre-i schaemic function . (The use of intracellular perfu­

sion solutions was first suggested by Keeler et al (1966) and later 

used by Collins et al (1969) . These techniques which produced suc­

cessful renal preservation have proved incapable of similar success 

with the heart (Copeland, 1973) . 

The perfusate constituted the following ingredients based on the 

evidence put forward by Hearse et al (1976) . Evidence supporting 

the effectiveness of some of the constituents are mentioned below . 

Group 3 solution changes included raised potassium and magnesium 

concentrations and the addition of insulin ATP and Procaine HC1 

(table 5 . 2) . 

5 . 1. 1. POTASSIUM 

The potassium concent ration was increased to prevent the loss of 

intracellular potassium and to block the fast sodium channels by 

voltage inactivation (partial depolarization of the cells) (Keeler 

et al, 1966; Reitz et al 1974; Hearse et al 1976) . A vasoconstric­

tive effect of potassium in concentrations greater than 12meq/£ was 

detected in kidney preservation by Scott et al (1959) and Levowitz 

et al (1969) . In heart muscle this has not been previously 

demonstrated but tables 9 . 5 (coronary flow) and 9 . 7 (coronary 
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5. 1. 2 

vascul ar resistance) clearly show that at the end of the pres­

ervation period the e l evated potassium concentration of 16mM in 

gr oup 6 was associated with signifi cantly lowe r coronary fl ow 

and highe r co ronary vascular resistance when compared with group 

7 (10.9mM) where a l ower potassium concent rat ion was used . Again 

with r eference to renal preservation Schwartz et al (1980 ) has 

demonstrated hypotensive e ffects by using potassium concent rat ions 

greater than 8 meq/L . Johnson ( 1972) on the other hand found that 

little l oss or leakage of potassium occ urred wh en potassium 

perf usates of 4 - 6 meq/L were used . 

On the other hand, both Keeler et a l (1966 ) in kidneys and 

Copeland et al (1 973) in hea rts described the rapid l oss of 

intracellular cations during cold perfusion . To prevent the 

loss of potassium Ma rtin et al (1970), demonst rated that the 

constitution of an intracellular perfusate led to improved 

function . To create a balance between these effects a potassium 

concentration of 16mM was chosen . 

MAGNESIUM 

The primary use of magnesi um is as a metabolic inh ibitor, being 

superior to fluoride and adenochrome (We bb et al 1966) . Its 

inhibi tory effect was demonstrated by Nakae et al (1967) who 

also showed tolera nce to normothermic ischaemia . Magnesium is 

know to be essentia l as a catalyst in ma ny enzyme systems 

involved in anaerobic glycolysis in the pentose monophosphate 

shunt , and in phosphate metabolism (Aikawa, 1963 ). It is 

essential for the function of the hexokinases , co- enzyme A, 

phosphatases , transphospho rylases , some of t he pep tidases , the 
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5. 1 . 3 . 

5 . 1. 4 

conversion of alphake toglutaric acid to succinic acid (Aikawa 

1963) and in the fun c tion of myosin and actomysin (Mommaerts 

and Seraidarian 1947) . In addition , for ATP to be operable it 

must form a complex of magnesium in a 1: 1 ratio (White et al 1973) . 

Magnesium is also essential to provide structural integrity f or 

ATP (Welt 1964) . Other ad vantages of magnesium include : 

reduced membrane permeability to potassium , stabilising the 

membrane potential (Holland 1964); delayed oedema formation 

(magnesium is poorly diffusable) (Belzer and Southard 1980) ; 

increased perfusate magnesium conc entrations result in higher 

adenine nuc leotide content (Calman et al 1973) . 

INSULIN 

Was added to the perfusate with the intention of maintaining 

myocardial gly cogen stores by inc reasing the uptake of glucose 

into the cells . Calman et al (1973) demonstrated this effect in 

perfused hearts finding a significant increase in survival . 

Contrary to these findings , Copeland et al (1973) found that 

insulin was not necessary in preservation solutions . 

PROCAINE HYDROCHLORIDE 

The importance of the local anaesthetic procaine hydrochloride in 

myocardial protection was described by Holscher (1967) . The 

inclusion of lmM procaine in this perfusate was based on its 

cardioplegic effect , maintain ing polarization by blocking 

efflux and its anti - dysrhythmic properties (Holscher 1967; 

Kirsch et al 1972 ; Hearse et al 1976 ; Hearse et al 1981) . 

Vari ous doses of procaine have been used by others ranging from 

lmM - llmM (Kirsch et al 1972; Bretschneider et al 1975 ; Hearse 

et al 1976), but an ideal dose was only established by Hearse 

et al (1981), at whi ch time, our studies had already been 
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5. 1 . 5 

completed . Other beneficial effects of procaine include; 

membrane stabilization, prolonging the duration of asystole 

(Buckberg 1979); and vasodilatation (Freier 1979) . Watkins 

et al (1971) demonstrated that procaine was detrimental in 

renal preservation as indicated by elevated serum creatinine 

levels . This possibility resulted from its degradation to par a­

aminobenzo i c acid (Watkins et al 1971) . 

PHOSPHORYLATED COMPOUNDS 

Phosphorylated compounds , (pur i ne nucleotides) do not cross the 

intact cel l membrane to any great extent (Fleit et al 1975 ; Harms 

and Stirling 1977), but ATP has been demonstrated extracellularly 

in the plasma under extreme physiological conditions (Forrester 

1972) . The increase in loss of purine nucleotides during 

ischaemia (Colljns et al 1977) , can hardly be caused by a diffusion 

of purine nucleotides from the cell, but must be due to a loss of 

diffusab]e non- phosphorylated purine nucleosides . 

Contrary to these findings Chaudry and Gould (1970) demonstrated 

that Adenosine Triphosphate was in fact able to cross the muscle 

cell membrane. Hearts pe rfused in a solution rich in ATP protects 

the myocardium against ischaemic injury (Hearse et al 1976) . 

Whether these high energy phosphates enter the cell or act on 

the cell membrane remains unknown . Calman (1974) similarly 

demonstrated the beneficia l effect of perfusates containing ATP . 

Experimenting with ATP , ADP and AMP, he showed that only ATP 

significantly increased the storage time . All determinations made 

during the hypothermic perfusion period (table 3 . 2) and during 

the normothermic ex vivo function evaluation period (table 3 . 3) 

are tabulated . 

82 



5 . 2 . 1 . 

5 . 3 . 1 . 

5 . 4 . 1 

BIOCHEMICAL DETERMINATIONS 

Energy required by living cells is conserved in useful form , 

mainly that of ATP . This energy is used in powering cellular 

functions . The mi tochondrion is a major contributor to cellul a r 

ATP pools , and its integrity during preservation is , therefore , 

essential for the viability of the organ . The process of 

oxidative phosphory l ation , which includes the oxidation of pyruvate 

by the tricarboxylic acid cycle , followed by the phosphorylation 

of ADP by the electron transport chain , is carried out entirely 

within the mitochondrion . Details about the structure and 

function of the mitochondrion can be found in Appendix 1. Isolation 

procedures and cal culations are listed under materials and methods . 

Mitochondria isolated from fresh , unpreserved hearts (control) 

were compared with hearts that had been preserved for 24 hours 

and functionally evaJuated for one hour . 

RESULTS 

OBSERVATIONS DURING THE PERIOD OF HYPOTHERMIC PERFUSION 

% CHANGE IN WEIGHT 

A comparison of the results using Group 3 solution with those of 

previous groups show that a significant increase in weight 

occurred (table 5 . 3) . 

OBSERVATIONS DURING THE PERIOD OF FUNCTIONAL TESTING 

Cardiac output and coronary flow are presented in tables 5 .4 and 

5 . 5 respectively . The mean cardiac output of Group 3 was less 

than half of the control groups (P<::::0 . 001) but signi fi cantly 

higher than Group 2 (P~0 . 05) . The percentage weight gain , 

presumably due to fluid accumulation by Group 3 hearts , was at 

least partly reversible upon perfusion with blood , as there was 
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5 . 4 . 2 

5 . 4 . 3 . 

5 . 4 . 4 . 

5 . 5 . 1 . 

a mean weight loss of 13% after 1 hour ' s functional testing 

(table 5 .6 ) . Eleven hearts were evaluated of whi ch one did not 

function at all ; another was just a bl e to overcome the afterload 

of the system . The remaining hearts had a remarkabl e functional 

i mprovement compared with Group 2 ( table 5 . 4) . 

MITOCHONDRIAL OXIDATIVE PHOSPHORYLATION 

84 

These results are s hown in table 5 . 7 in which the mitochondrial 

function of a fresh control group was compared with hearts prese rved 

for 24 hours and functionally evaluated for 1 hour . The three 

parameters , PO ratio (the amount of ADP phosphorylated , per amount 

of oxygen consumed ) , RCI (measure of the tightness of cou pling of 

the mit ochondria ) and 002 
( th activit y of the enzymati c prote in) 

were determined aL the end of 1 hour functional testing and used 

to compare mitochondrial fun ctiona l integrity between the two 

groups . 

MICROSCOPY 

Hi stological examinations showed i nterstitial oedema and peri ­

nuclear vacuolation wjth no other significant features. 

ELECTRON MICROSCOPY 

The myofibres ap peared generally poo rly preserved . This included 

l oss and disruption of myofilaments , increased numbers of mito­

chondr ia and dilatation of the T- t ubule system . 

DISCUSSION AND CONCLUSIONS 

The combination of hypothermia plus perfusion preserved fun c tional 

viability of the mitochondria in this study ( table 5 .7) and func ­

tional viability of the entire orga n was improved compared to 

previous solutions but not normal ( table 5 . 4) . 



An exact explanation for the improved preservation effect of this 

solution was not possible as the perfusate was extensively 

modified (tabl e 5 . 2 ) . 

The major contributors to fun c tional improvement were presumably 

the procaine hydrochloride and magnesium chloride . In vitro 

mitochondrial functional s tudies showed that functional integrity 

was prese rv ed in ischaemic tubular cells well after the onset of 

irreversibility (Vogt and Farber 1968 ; Reimer and Jennings 1971) . 

Trump et al (1976) provided an explanation for this phenomenon . 

They stated that ischaemic or normal mitochondria isolated in 

the laboratory were placed in a medium resembling the normal 

physiological intracellular environment . During the isolation 

procedure, the "weaker" mitochondria were more prone to destruction, 

leaving only the intact mitochondria in the final fraction . These 

were capable of normal metabolic activity . Conversely , in vivo 

mitochondria were subjected to an adverse environment that 

recovered very gradually from the ischaemic insult , because of 

the delay in the removal of toxic metabolites . Light microscopy 

and ultrastructural studies provided some of the initial evidence 

of tissue damage. The ultrastructural changes noted by others 

in similar circumstances were the development of oedema (Ganote 

et al 1976), the disappearance of glycogen particles , (Bernelle -

Zezzera and Gaja 1964 ; Grana et al 1968) and mitochondrial swelling 

(Whalen et al 1974). 

Hearts subjected to hypothermic perfusion gradually accumulated 

fluid (Kleinzeller 1960 ; Whittenbury 1965 ; Copeland et al 1973 ; 

Swanson et al 1979) . Proctor and Jones (1973) suggested that 

this flu id accumulation has no pathological implications and 

differs from fluid accumulation in ischaemically injured organs . 
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They termed the condition "water of equilibration". Conversely , 

a badly preserved hea rt may develop oedema and become hard to the 

touch and not lose weight on r epe rfusion (see section 3 . 3 . 1.) . 

It was felt that Group 3 hearts preserved in this study gained 

some degree of "water of equilibration" as 13% of it was lost 

after 1 hour r epe rfusion. This non-pathological state could also 

account for the normal mitochondrial r espiration . 

A proposed pathological effect of fluid accumulation may be as 

follows : a perfusate lacking in oncot ic pressure may result in 

a differential uptake of fluid , with a most severe effect taking 

place in the vascular endothelial cells with which it is in 

direct contact . These cells then failed to function normally 

after warm blood reperfusion , with impaired "blood tissue " 

exchange of substrates leading to ionic i mbalances , vaso 

constriction and accumulation of toxic metabolites . 
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CHAPTER 6 

GROUP 4 

6 . MODIFICATION TO THE PERFUSATE 

Two changes were made to the pe rfusate : ATP was omitted and 

4g/L of dextran 40 was added . The change increased the osmolarity 

of the perfusate t o 315m0sm/L (table 6 . 1) . 

ATP was excluded from the perfusate for three reasons : 

1. Nuc l eot ides do not cross cell membranes (only under ext r eme 

physiological conditions) . 

2 . Mitochondrial function was comparatively normal (see section 

5 . 4 . 2) . 

3 . The ext r eme cos t of ATP . 

In chapte r 5 it was proposed tha t a diffe r ent i al fluid - accumulat ­

ing gradient deve l oped across the membrane of endothelial cells . 

As these cell s wer e in direc t contact with the perfusate which 

has no oncotic pressure, they were subject to more pronounced 

deleteri ous effects , such as fluid accumulation , and ionic 

imbalance , wh er eas areas situated deeper in the endocardium were 

less affected . (Uma s et al 1977) . 

Other workers in the fi eld of r enal preservation have also shown 

a progressi ve perfusion damage to the endothelial cells of the 

vascular system (Hill e t al 1976); Cerra et al 1977; Limas et 

al 1977) leading t o metabolic death of these cells (Bel ze r et 

al 1978) even though a good r ena l blood flow continued . 
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6 . 1.1. 

6 . 2 . 1 

95 

Attempt s at controlling the diff erentia l f a ilure of cell volume 

regulat jon have been made by adding to Lhe perfusate osmotically 

active , i mpermea nt mol ecules such as var i ous sugars or large 

molecular weight ani ons (Belzer et al 1978 ) . These large molecules 

were effect ive f or s hort periods but progressive swelling did occur 

over a period of 24 hours . Copel and et al (1973) used various 

combina Lions for ma intenance of oncoL i c pressure and graft 

funct ion fail ed at perfusate levels of 40g/L and concentration of 

6g/L was not necessa ry f or successful preservation . Pegg (1977) 

also showed that dextran wa s very e ff icient in preventing over­

hydration i n pe rfused kidneys . On the basis of these findings, 

dextran was included in the perfusate i n the hope of protecting 

myoca rd ial tissues against oedema formation , especially in the 

endothelial cell s . All dete rminations made during the hypothermi c 

perfusion pe r iod ( table 3 . 2 ) and during normothermic ex vivo 

functional evaluat ion period (table 3 . 3) are tabulated . 

RESULTS 

OBSERVATIONS DURING THE PERIOD OF HYPOTHERMIC PERFUSION 

The predicted effect of " less oedema formation occurring" was not 

seen and the tissue fluid content inc r eased rather than decreased 

(table 6 . 2 ). Thi s increase was not of statistical significance . 

OBSERVATIONS DURING THE PERIOD OF FUNCTIONAL TESTI NG 

After approximately 10 minutes of passive warm blood r eperfusion, 

vigorous ventri cul a r fibrillation occurred . Al l 18 reperfused 

heart s required electrical defibrillation foll owed by the re­

sumption of sinus rhythm with good contractile motion . When 

challenging the L V of these hea rts wi t h blood , only 12 managed 

to successfully overcome the afterload of the s ystem . The mean 



6 . 2 . 2 . 

6 . 2 . 3 . 

6 . 3 . 1 . 

cardiac output ( ta ble 6 . 3) and coronary flow i ncreased though 

only the latter being significant by comparison wi t h Group 3 

table 6 . 4) . Haemodynamic performance was inferior to that in 

the control group (table 6 . 3 ). The hearts demonstrated a 17% 

loss of we ight duri ng reperfusion ( table 6 . 5) . Haemodynamic 

function did not change significantly throughou t this period . 

MICROSCOPY 

The myofibre s appeared we ll preserved a l t hough some areas showed 

myofibri l l ar degen eration . There we re also areas of scanty 

haemorrhage and very seve re interstitial oedema . Small arteries 

a nd veins a ppeared st ructurally normal although devoid of blood . 

Few intact capillaries were seen , the majority being disrupted . 

ELECTRON MICROSCOPY 

The myofilaments were disrupted suggesting s eve re damage . Other 

changes included dilaLaLion of Lhe T-tubules system and the mito­

chondria had inc r eased in numbe r . 

DISCUSSION AND CONCLUSIONS 

These hearts did not show much haemodynamic improvement, but some 

salient observations are worth discussing . Firstly there was a 

s i gnificant increase in co r onary fl ow compared with group 3 , 

s uggesting either dilatation of the coronary vessels or e lse 

improved preservation of the endothelial cells (as well as other 

cells) . The dextran may have had some e ffect on protecting the 

cel l s of c l osest proximity (endothelia l cells ) against over­

distension a nd osmotic s hoc k (Hardy 1971) . The expec t ed effect 

of dextran did not seem to materiali ze (weight gain and e ndo­

thelial protection) as histological exam ina tion showed unexpected 

features of disrupted capil l aries and smal l bloodless vesse ls 
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suggesting Lhal the dextran had been ineffective against osmotic 

forc es . Instead of reducing the effect of fluid retention , the 

mean % weight gained by t he preserved hearts increased (table 6 . 2) . 

The mean heart weight decreased after reperfusion although this 

decrease was not significantly different when compa red with group 

3 (table 6 . 5) . 

These observations gave little guidance towards further modi f ica­

tion to the per fusate . 

Certain fundamental questions r emai ned unanswered : 

Was oedema formation r eally destructi ve? Did prolonged 

hypothermia cause damage ? Was lysosomal injury responsible for 

poor my ocardia l performance foll owing preservation? 
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CHAPTER 7 

GROUP 5 

7 . MODIFICATION TO THE PERFUSATE 

With little function improvement in group 4 hearts , the study 

was repeated with the emphasis on biochemical observations . The 

only change introduced into the perfusate was the lowering of t he 

dextran 40 concentration to 2gm/L (table 7 . 1) . If this change i n 

dextran concentration showed little effect in terms of biochemical 

and functional viability , its subsequent use would be discont inued . 

The aim of the study was to locate injured areas within the myo­

cardium associated with poor preservation . The tests used in 

this investigation are listed in tables 3 . 2 and 3 . 3 . 

7 . 1 BIOCHEMICAL DETERMINATION 

The effects of 24 hour preservation on the in situ release of acid 

phosphatase activity was compared in pig hearts freshly excised 

(control) and in hearts preserved for 24 hours and then perfused 

for one hour (group 5) . Acid phosphatase is an enzyme occurring 

in many tissues and species and is not entirely confined to the 

lysosome . (Wildenthal 1975) . It ca talyses the hydrolysis of 

phosphoric monoesters ; p- nitrophenol phosphate was used as a 

substrate in this investigation . The assay mixture included 

15mM tartrate as a phosphatase inhibitor , although phosphoprotein 

phosphatase and glucose 6 phosphatase were not sensitive to the 

inhibitory effect (Wildenthal 1975) . Various fractions were 

differentially isolated , (supernatant , particulate , nuclea r) ; 

but only the particulate fractions were of relevance when 

interpreting the results as other free contaminat ing enzymes 

were absent . 
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7 . 1.1. LYSOSOMES 

As ischaemic myocytes become irreversibly injured , they sustain 

specific structural lesions which are not reversible upon the 

resumption of coronary flow . (Jennings and Ganote 1974 ; Kloner 

et al 1974 ; Jennings 1976) . The basic features are discussed in 

sections 5 . 5 . 1; these include : dilated mitochondria, glycogen 

depletion and breakdown of sarcolemmal integrity , and lysosomal 

rupture (Decker et al 1977; Decker and Wildenthal 1978 ; (a ) 

Decker and Wildenthal 1978 (bl 

Many of these subcellular alterations that accompany ischaemia 

involve structural damage in organellar membranes and it has 

been hypothesised that intracellular release of normally latent 

lysosomal degradative enzymes during ischaemia contribute to this 

membrane damage and accelerate the progression of injury to 

necrosis (van Lancker and Holtzer 1959) . This hypothesis has 

been supported by observations that the time course of ischaemic ­

induced lysosomal disruption is closely linked to the development 

of ultrastructural signs of ischaemic necrosis in normal hearts 

(Decker et al 1977; Decker and Wildenthal 1978 (bl ) . 

The release of acid phosphatase was used as an index of lysosomal 

integrity with a high release implying consequent or subsequent 

myocardial injury . These results were hoped to correlate with 

functional studies and other parameters such as biochemical tests 

and ultrastructural determinations . Details about the isolation 

and assay procedures of lysosomes are listed under materials and 

methods section 2 . 1. 9. 
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7 . 2 . 1. 

7 . 2 . 2 . 

7 . 2 . 3 

/ 

7 . 2 . 4 . 

RESULTS 

OBSERVATIONS DURING THE PERIOD OF HYPOTHERMIC PERFUSION 

These hearLs remained soft to the touch during the entire period 

of preservation with little noticed change in coronary flow . 

(Coronary flow wa s crudely determined by counting the droplets 

seeping from the coronary sinus) . The increased mean percentage 

weight change was not significantly higher than in group 4 heart~ 

despite the reduction in the perfusat dextran concentra tion 

(tabl e 7 . 2) . 

GLYCOGEN 

Changes in the conLent of tissue glycogen are shown in f igure 7 . 1. 

Myocardial biopsies were taken from the in situ organ , immediately 

after arrest and intermittently throughout the peri od of hypo-

thermic preservation . 

LACTATE 

Perfusate lactate concent rations were determined after one hour , 

12 hour and 24 hour hypothermic preservation (figure 7 . 2 ). The 

mean perfusate lactate concent ration remained relatively unchanged 

during the preservation period . 

GLUCOSE 

The results of perfusate glucose concentrations are shown in 

table 7 . 5 . These levels are very low showing the combined 

inhibitory effect of the perfusate and hypothermia on glucose 

uptake . 
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7 . 3 . 1. 

7.3 . 2 . 

7 .3 . 3 . 

OBSERVATIONS DURING THE PERIOD OF FUNCTIONAL TESTING 

The pa ttern of recovery was similar to group 4 hearts, namely 

initial ventricular fibrillation, being followed by sinus rhythm 

with good contractions . Twenty-four hearts we r e fun ctionally 

evaluated of whi ch f our had weak contractions , were hard to the 

touch and unable to overcome the afterload of the system . The 

mean cardiac outputs of groups 4 and 5 were similar , with both 

differing significantly from that of the control group ( table 7 . 6 ). 

The increase in cor onary flow in these hearts was comparable to 

the control group (P > 0 . 1) (table 7 . 7). The hearts demonstrated 

a 19% loss of weight (table 7 .8) during reperfusion and haemodyn­

amic fun ct ion did not significantly change during this period 

(table 7 . 6) . 

ATP AND CP 

The r esults obtained from 8 hearts are shown in table 7 . 3 (ATP) 

and table 7 . 4 (CP) . Both val ues falJ within the range of 

control hearts . 

GLYCOGEN 

Myocard ial gl ycogen levels gradua l ly dec reased during the period 

of preservation. After a period of 1 hou r warm blood reper f usion , 

the tissue glycogen levels dramatically increased wi th an over­

shoot significantly exceeding cont rol values (figure 7 .1 ) . 

7 . 3 . 4 . LYSOSOMES 

Pig hear ts were divided i nto two groups from which myocardial 

lysosomes wer e di ffe r entia l ly isolated . 

1 . Freshly excised (control ). 

2 . Hypoth ermically perfused for 24 hours and then 

reperfu sed with bl ood at normothe rmia for 1 hour (group 5 ). 
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7 . 3.5 . 

7.3 . 6 . 

7. 4. 1 

The final isolate consisted of three fractions, namely, 

supernatant, particulate and nuclear. These fractions were not 

stressed in the detergent Triton X-100 . The free acid phosphatase 

activities in each fraction of both the control and group 5 hearts 

are shown in figure 7 . 3 . A predominant feature was the increased 

activity in the group 5 hearts , wi th the greater increase in free 

activity occurring in the particulate fra ction , although the total 

free activity of this fraction was the lowest (figure 7 . 3 ). 

MICROSCOPY 

The myofibres and the nuclei appeared generally well preserved 

although some fibres had l ost their cross striations with moderate 

damage . Interstitial oedema and small foci of mucus were present 

as well as areas of contraction banding ; the latter may have been 

artefactual. 

ELECTRON MICROSCOPY 

Changes include the degene ration of myofilaments , increased 

number of mitochondria and dilatatlon of the T-tubule system . 

The glycogen content appeared to be normal . 

ORTHOTOPIC TRANSPLANTATION 

The r esults of three experiments are shown in table 7. 9 . All 

three animals were weaned off cardiopulmonary bypass and 

supported by a continuous infusion of dopamine . These hearts 

were only responsive to dopamine for a mean period of 9 . 5 hours 

after whi ch time graft f ailure occurred (table 7 . 9) . 
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7 . 5 . 1. DISCUSSION AND CONCLUSIONS 

An interpretation of the results is difficult . However , by 

comparing biochemical and functional data from unpreserved 

(control) hearts with that of prese rved (group 5) hearts , 

valuabl e information was obtained about cardiac metabolism under 

the hypothermic condit ions of thi s study . 

The primary physiological basis for the use of hypothermia is 

its metabolic lowering effect (McQuiston 1950 ; Bigelow et al 

1954 ; Blair 1960) but various other functions and pathways a r e 

also altered which may l ead under certain conditions to loss of 

viability from s uch phenomena as suppression of the sodium 

potassium pump leading to intracellular electrolyte derangements 

and l oss of cell volume regulation (Martin et al 1972 ; Belzer 

and Southard 1980) . 

The dec r ease in myoca rdial glycogen concentrations during t he 

period of preservation was an indicat ion of anaerobic metabolism 

(Swanson et al 1979 ; News holme and Crabtree 1981) to maintain 

basal metabol ic activity and structural integrity . If anaerobic 

metabolism was in progress , tissue lactate concentrations were 

expected to increase with subsequent release into the perfusate. 

Increased lactate l evel s were not , however , recovered in the 

perfusate , probably due to impaired membrane exchange systems . 

The l ow uptake of glucose under these preservation conditions 

(ranging between 1 and 22 }'gm/gm wet wt/h (table 7 . 5) was 

probably i nsufficient to r eplenish the glycogen stores . Thus , 

glycogen depletion appears to be a result of impaired glucose 

uptake rather than anaerobic glycolysis . The normal ATP and 

CP tissue levels were probably maintained by glycogenol ysis ; 

These levels can be maintained for a long period of time i n 

ischaemic myocardium (J enn ings 1976) . 
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Another possible eff ect responsible for the loss of energy 

was calcium enhanced r est ing myocardial tension . If a passive 

109 

flux of ions did occur due to hypothermi cally induced pump failure , 

myoplasmic calcium concentrations would increase due to calcium 

redistribution(entry fr om the extracellular spaces and also loss 

from the sarcoplasmic reticulum) without any change in total 

myoca rdial calcium concentrations . This effect would in turn 

activate a number of energy consuming r eac tions , notably those 

of the cardiac cont racti l e protei n and of the mitochondria 

(Fleckenstein et al 1974 ; Katz and Tada 1972). 

Glycogen breakdown may t hen be enhanced to maintain the tissue 

high energy phosphates as a decline in intracellular ATP leads 

to the formation of rigor bonds between the thick and thin 

filaments (Weber and Murray 1973). Evidence for this phenomenon 

came from information about the change in texture (stiffness) of 

some of the hearts evaluated in this group . 

Anoth e r important finding was the effect of preservation on the 

release of lysosomal acid phosphatase . The results clearly show 

(figure 7 . 3 ) (parti culate fraction) an inc r eased free acid 

phosphatase ac tivity in the preserved hearts, suggesting ischaemic 

damage had occ urred . This may imply that other proteolytic 

lysosomal enzymes may also be rel eased contributing to membrane 

damage and accelerating the progression of injury to necrosis . 

This effect wa s a l so observed in unpreserved ischaemic tissue in 

which the proportion of lysosomal enzymes recovered in the 

residual particulate fraction wa s reduced 'Van Lancke r and Holtzer 

1959 ; De Duve and Beaufay 1959) . 



In thi s study an attempt was made to locate areas in the 

myoca rdium that had been poorly preserved . Some destructive 

features were identified ; dec reased tissue glycogen during 

preservati on , inc reased lysosomal acid phosphatase release , 

and oedema f ormati on . Othe r changes remain purely spec ulative 

such as the distribution of calcium during hypothermic preserv­

ation and the effec t of lysosomal acid phosphatase in the 

myoplasm . 

This injury was subsequently confirmed by failure of graft 

function after orthotopic transplantation of preserved hear ts . 

My fur the r approach to solving this problem was to find chemicals 

suitable as metabolic inhibitors and others as membrane stabiliz­

e rs to prevent (or r educe ) the loss of endogenous substrate and 

to protect cel lular and lysosomal membrane s against irreversible 

injury . 
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6 TISSUE GLYCOGEN 

50 

...c 
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E 
0, 

'"::::-
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Figure 7 . 1. 

Myoca rdial ti ssue glycogen l evel s (expr essed as glucose equivalents) 

before cardioplegia (in vivo), after cardioplegia (arrested) and 

during the hypothermic perfusion period. After one hour warm 

blood r e perfusion biopsies for glycogen content wer e again taken 

from the working heart (working) . Bars represent S . E.M. 
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Fig . 7 . 2 . 

Perfusate lactate concent rations duri ng the period of hypothermic 

per fusi on . Bars r epresent S.E . M. 
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NUCLEAR 

n=6 

A comparison between free lysosomal acid phosphatase activities of a 

control and an experimental group 5 . Each group consists of three 

differentially isolated fra ctions , supernatant, particulate and 

nuc lear with each fra c tion differing significantly from its related 

control value . 
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CHAPTER 8 

GROUP 6 

8 . MODIFICATIONS TO THE PERFUSATE 

This solution was modified with the aim of preventing some of the 

injury observed in group 5 hear ts . As Dextran 40 did not contri-

bute towards the prevention of fluid accumulation its further use 

was discontinued . In a screening test in which two pig hearts were 

perfused with a 5% albumin solution, no functional improvement oc ­

curred and the use of large molecula r weigh t osmotic compounds was 

stopped . Similar observations were reported by Belzer et al (1978) . 

Throughout the use of the previous five solutions some hearts func ­

tioned poorly although all were subjected to identical conditions 

with the exception of the change in the perfusate . Poor function 

was thus thought to be due to enhanced resting myocardial tension 

in the myocardium brought about by possibly overloading the cal cium 

transport system by the available Ca++ in the perfusate . In a 

screening test used to assess the affect of a calcium free per-

fusate , ischaemi c contracture resulted (two harts tested) thus cal ­

cium was included at a concentration of 1. lmM in this perfusate 

which resembled the free calcium concentration perfusing normal myo­

cardium in vivo . Further screening details are tabulated in appendix 4 . 

The use of high concentrations of a single drug may produce toxic 

side effects , therefore , several drugs known to be membrane stabi l izers 

were added in lower concentrations . 

8 . 1. 1. CHLORPROMAZINE 

The need for more effective membrane stabilisation was demonstrated in 

the preceding chapter , which showed an increased release of free lyso­

somal acid phosphatase . 
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A chemical of suitable choice was chlorpromazine , which like other 

phenothiazines has a general inhibitory effect on the leakage of 

lysosomal enzymes (Guth el al 1963) , cellular metabolism , (Dawkins 

et al 1959) and mitochondrial swelling (Judah 1960) . Phenothiazines 

also conserve purine nucleotides by inhibiting the membrane- bound 5 

nucleotidase (Lokkegaard et al 1979) , prevents catecholamine deple­

tion by inhibiting adenyl cyclase (Noble 1979) , and may have the ad ­

ditional function of alpha adrenergic blockade preventing vasospasm 

(Lokkegaard 1979) . Its effectiveness during hypothermia was demon­

strated by Laborit and Huguenard (1951) who used the combination of 

chlorpromazine and hypothermia to induce so- called "artificial hiber­

nation ". In red blood cells chlorpromazine causes expansion of the 

membrane and protects them against exposure to hypertonic saline and 

rapid cooling (Seeman et al 1969 ; Kwant and van Steveninck 1969) . 

Phenothiazines have also been demonstrated to aid in the maintenance 

of normal membrane permeability (Guttman and Friedman 1963) and in 

the prevention of electrolyte shifts and cellular swellings . Eyal 

et al (1965) reported that preservation of hearts was improved by the 

addition of chlorpromazine, and Turner et al (1970) confirmed its 

value by successfully storing kidneys for 24 hours using hypothermia 

and chlorpromazine . 

8 . 1.2 . PHENOXYBENZAMINE 

Phenoxybenzamine was chosen as one of the perfusate constituents for 

its vasodilation properties and its lysosomal membrane stabilising 

effect (Rangel et al 1969 ; Fonkalsrud et al 1970) . Investigations by 

Fonkalsrud et al (1969) also showed that phenoxybenzamine protected 

mitochondria from osmotic induced swelling . Calman and Bell (1972), 

however , reported that it decomposed rapidly in dilute physiological 

solutions . 
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Other effects of phenoxybenzamine include ; inhibition of catechol a­

mine uptake and degradation (Smith 1973) as well as inhibition of 

serotonin and histamine activity r esulting in vasodilation (Rangel 

et al 1969). The composition of the perfusate is shown in table 8 . 1. 

All determinations made during the hypothermic perfusion (table 3 . 2) 

·and during the normothermic ex vivo functional evaluation period 

(table 3 . 3) are tabulated . 

RESULTS 

8 . 2 . 1. OBSERVATIONS DURING THE PERIOD OF HYPOTHERMIC PRESERVATION 

The appearance and "feel " of these hearts remained re l atively un­

changed at the end of the preservation period , but for the 47% in­

crease in heart weight (table 8 . 2) . The myocardial.oxygen uptake 

was determined at the beginning and end of the preservation period 

with no significant change occurring between these two interval s 

(table 8 . 3) . 

There was a significant decrease in the coronary flow at the end of 

the preservation period (table 8 . 4) and the coronary resistance in­

creased significantly (table 8 . 5) . 

8 . 2 . 2 . GLYCOGEN 

The control and experimental tissue glycogen levels are shown in 

figure 8 . 1. The l evel was significantly higher than glycogen values 

obtained in group 5 hearts (see section 7 . 2.3) . This estimation was 

only made a t the end of the period of hypothermic preservation . 

8 . 2 . 3 . LACTATE 

The perfusate lactate concentration was determined after 1, 12 and 24 

hours hypothermic perfusion and is shown in figure 7 . 2 . The mean 

lactate level did not change significantly during the perfusion 

period . 
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8 . 3 . 1. OBSERVATIONS DURING THE PERIOD OF FUNCTIONAL TESTING 

These hearts all required defibrillation and then maintained 

sinus rhythm with forceful contractions . In this group 16 

hearts were tested of whi ch 4 were in a contracted state and 

failed to relax prop rly during diastole . Haemodynamic mea­

surements and calculations are listed in tables 8 . 6 (cardiac 

output) 8 . 7 (coronary flow) and 8 . 8 (pressure determinations) 

with a significant increase in CO compared with group 5 (table 

8 . 6) . 

Myocardial oxygen uptake (tab l e 8 . 9) did not change signifi ­

cantly from control values . The percentage weight loss is 

shown in table 8 . 9 . 1 ( 14 . 8%) . 

8 . 3 . 2 . ATP and CP 

The ATP and CP levels are shown in tables 8 . 9 . 2 and 8 . 9 . 3 . 

Only the ATP value differed significantly from the control 

group . 

8 . 4 . 1. ORTHOTOPIC TRANSPLANTATION 

The results of 6 experiments are shown in table 8 . 9 .4 . Two 

animals could not be weaned off cardiopulmonary bypass , and 

three eventually fail ed to support the circulatory load while 

receiving a continuous dopamine infusion and one animal sur­

vived 1. 5 days . The myocardium was examined histologically 

in 5 cases (table 8 . 9 . 4). The injury to the myocardium varied . 

The animals surviving less than one day showed features of isc ­

haemic damage , notably myofibrillar degeneration (contraction 

band necrosis and loss of cross- striation) and also ~ore severe 

damage of focal coagul ative necrosis and myocytolysis . 
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8 . 5 . 1 DISCUSSION AND CONCLUSIONS 

A definite biochemica l and f unctiona l improvement was observed 

in hearts prese rv ed ln this group . The cor ona ry fl ow dec r eased 

and t he coronary vascular r esistance increased significantly 

but this did not affect oxygen uptake significantly (table 8 . 3) . 

The change in coronary fl ow and coronary vascular resistance 

was thought to be due to tissue oedema formation and possibl y 

a vasoconstrictive e ffec t brought about by the r e latively high 

pe rfusate potassium concentration . The tissue glycogen (figure 

8 . 1) levels we r e also mai ntained a nd no change in the r e lease 

of lacta te occurred du ring hypothe rmi c pe rfus ion (figure 7 . 2) . 

Functionally , these hea r ts we r e mu ch improved and a significant 

inc r ease in CO occurred wh en compared wi t h any of the hearts 

preserved in groups 1 - 5, although the CO was significantly 

l ess wh en co~pared with the control groups . The tissue ATP 

levels we r e significantly l owe r than the control group . 

Although the perfusate ca l cium concentrat ion was reduced , 

myocardial tone was observed in 4 hearts and cytosolic calcium 

concentrations we r e sti ll thought to be t he cause of the 

failure observed in these heart s . Thes e observations were 

conside r ed when constit uents of the next perfusa te we re 

sel ected . Orlhotopic transplantation , however , of baboon 

hearts similarl y preserv ed proved to be unsuccessful (table 

8 . 9 . 4) . These hearts were unable to sup port the circula tory 

l oad and r equired su ppor t by a dopamine infusion . Eventually 

these hearts were unres ponsive to ca rdiotonic support 

(dopamine , isoprenaline , ad r enal i ne ) and complete failure 

f ollowed . 
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The lack of correlation in fa ilure rates between hearts tested on 

the functional testing apparatus and hearts tested by orthotopic 

transplantat ion led to modification of the functional testing ap­

paratus . The aim of the modifi cation was to subject the heart to 

a more physiologica l state than previously evaluated hearts (appen­

dix 2) . It was hoped that this change would lead to a more effec­

tive assessment of heart function during the one hour period of 

functional testing . Hearts which fun ctioned well would undergo 

the ultimate test of orthotopic transplantation . A new group of 

freshly - arrested hearts we r e similarly tested on this modified 

functional testing apparatus to provide new control observations 

for compari son . 
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CHAPTER 9 

GROUP 7 

9. MODIFICATIONS TO THE PERFUSATE 

Suggestions towards further modifications to the perfusate came 

from the results in chapter 8 concerning changes in coronary flow 

and coronary resistance during hypothermic preservation , and ad- ' 

vice from Pegg (Personal commun ication 1980) stating that the 

prevention of tissue oedema was essential for graft viability 

during preservation (table 9 . 0). 

The problem of oedema formation was still unresolved, although 

(Lee et al 1980) produced evidence that oedema formation did not 

reduce flow through an organ nor was it critical for the mainte­

nance of organ viability (Copeland et al 1973) . Having shown 

that hearts that lost weight (groups 3 to 7) (table 9 . 1) perform 

better than hearts that gain weight (groups 1 and 2) (Sections 

3 . 3 . 1 and 4 . 2 . 1) after functional testing , a general hypothesis 

was stated as follows : Oedema formation was not critical for 

organ viability if it was reversible after reperfusion with warm 

blood . 

9. 1.1 . GLYCEROL 

Large molecular weight molecules (12% albumin) in the perfusate 

did not protect against oedema formation (section 8 . 0) as pro­

gressive organ swelling occurred over a pe riod of 24 hours (Bel ­

zer et al 1978) . A review of the literature revealed that oedema 

formati on was unavoidable unless extremely unphysiological con­

centrations of osmotic agents were used (Copeland et al 1973 ; 

Belzer et al 1978) . 

143 



As a result an alternative approach was used . This involved 

the use of a small molecule (glycerol) (appendix 4) effective 

against oedema formation at 37°C (Gonzalez et al 1977) . This 

small molecule would easily diffuse into the cell and presum­

ably leave the cell without much difficulty on reperfusion 

with warm blood . Oedema formation was considered beneficial 

as toxic end products may be diluted . The role of glycerol 

in the perfusate was two fold, namely to slow down the initial 

process of oedema formation (Gonzalez et al 1977) and to impart 

some cryoprotective effects on the myocardium . Ice formation 

was unlikely to occur at 4 - 10°C although nucleated cells 

can be destroyed simply by reduction in temperature without 

freezing (Meynell 1958 ; Knight et al 1975) . Cryoprotective 

agents (glycerol) may also be important in preventing damage 

by sudden temperature change ; it has been shown that both 

rapid and slow cooling can be harmful , depending on the type 

of tissue that is being cooled (Ashwood - Smith and Farrant 

1980) . Raison and Lyons (1971) have also shown that cryo­

protective agents protect against mitochondrial damage at 

temperatures below 20°C . Glycerol is non- toxic (Meyer et al 

1971) and in both liver and kidney it sequestrates most of 

the tissue ATP as glycerophosphate (Burch et al 1970) which 

may be used in the glycerophosphate shuttle transferring elec­

trons from cytoplasmic NADH - to the mitochondrial electron 

transport chain preparing the cells for oxidative metabolism 

at the onset of warm blood reperfusion (Lehninger 1972 ). 
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9 . 1. 2 . POTASSIUM 

The decrease in coronary flow and the increase in corona ry 

res istance was thought to be related to the perfusate 

potassium concentration . From observations ob ta ined fol­

lowing renal preservation potassium concentration in the 

perfusa t e in excess of 12 meq/£ results in vasoconstric­

tion, (Levowitz et al 1969 ; Scott et al 1959 ) . The per­

fusate concent r ation was consequently reduced to 10 .9mM 

and the idea of int racellular solutions suggested by Martin 

et al (1 970) was rejected . 

9 . 1. 3 . SODIUM 

The perfusate sodium concentration was raised because of 

the passive access of sodium into the myocardial cells 

under hypothermic conditions . The sodi um presumably in-

+ ++ 
fluenced calcium transport by a Na - Ca exchanged 

mechanism in which the downhill entry of sodium into the 

myocard ial cell was coupled to the uphill transport of 

calcium from the cytosol to the extracellular space 

(Reuter 1974) . Evidence for the energy de pendency of the 

exchange mechanism in ca rdiac muscle was provided by 

Jundt and Reuter (1976) . 
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RESULTS 

9 . 2 . 1 . OBSERVATIONS DURING THE PERIOD OF HYPOTHERMIC PRESERVATION 

All hearts increased in weight (42%) during the period of per­

fusi on due to oedema formation and this increase did not dif­

fer significantly from group 6 hearts (table 9 . 2) . Initial 

mean coronary flow wa s significantly greater in group 6 hearts 

than grou p 7 (table 9 . 3) . The coronary flow at the end of the 

perfusion period decreased significantly (table 9 . 4) from the 

initial determination but was significantly higher than group 

6 hearts at the end of perfusion (table 9. 5) . Initial mean 

coronary vascular resistance was s ignificantly greater in 

group 7 than group 6 (tabl e 9 . 6) . The coronary resistance pat­

tern at the end of perfusion wa s now reversed as group 7 was 

now significantly lower than group 6 (table 9.7) . the coro­

nary vascular resistance at the beginning and end of perfusion 

differed significantly (table 9 . 8) . There was a consistent 

patte rn in coronary arteriovenous oxygen uptake in both groups 

with no significant difference occurring at the beginning and 

end of perfusion (table 9.9) despite the changes in coronary 

flow and coronary resistance between these two intervals . 

9.2 . 2 . ATP and CP 

The results of ATP and CP tissue leve ls are shown in figure 9 . 1. 

The ti ssue high energy phosphate levels remained relatively 

normal compared with in vivo values but decreased towards the 

end of the preservation period . 

9 . 2 . 3 . LDH 

The changes in release of LDH during the hypothermic perfusion 

period is shown in figure 9 . 2 . The release of LDH slowly in­

creased with time but increased insignificantly after 20 hours . 
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9 . 3 . 1. OBSERVATIONS DURING THE PERIOD OF FUNCTIONAL TESTING 

These heart all required defibrillation . 8 Hearts were func ­

tionally tested and all were able to overcome the afterl oad 

of the system . There were no rhythm disturbances and con­

tractions were forceful . The haemodynamic measurements and 

calculations (SV) are shown in tables 9 . 9 . 1 (cardiac output) , 

9 . 9 . 2 (coronary flow) , 9 . 9.3 (stroke volume) and 9 . 9 . 4 (pres~ 

sure determinations) . The CO LVP and SV differed signi fi cant­

ly from the control group . Myocardial oxygen uptake (table 

9 . 9 . 5) did not change significantly from control values and 

these results were similar to those of group 6 . The percen­

tage weight loss did not differ significantly from group 6 

(9 . 74%) (table 9 . 1) . 

9 . 3 . 2 . ATP AND CP 

The ATP and CP levels are shown in tables 9 .9. 6 and 9 . 9 . 7 and 

both these values are significantly lower than the control 

values . 

9 . 4 . 1. ORTHOTOPIC TRANSPLANTATION 

9 . 4 . 2 . OBSERVATIONS DURING THE PERIOD OF HYPOTHERMIC PERFUSION 

All the hearts gained weight (32%) at the end of the period of 

preservation , with little change taking place in coronary vas­

cular resistance although the coronary flow decreased signi­

ficantly (table 9 . 9 . 8) . 

9 . 4.3 . RESULTS OF ORTHOTOPIC TRANSPLANTATION 

Thirteen experiments had been performed of which six animals 

survived to rejection , two could not be weaned from cardiopul ­

monary bypass , one death occurred after a rapid infusion of 

sodium bicarbonate (unexplained) (table 9 . 9 . 9) . 
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The remaining animal s died of myoca rdial failure . Several 

hearts requi r ed inotropic support to ensure satisfactory 

functi oning immed iately after discontinuation of cardio­

pulmonary bypass when mean arterial pressures of only 45 -

55 mm Hg were obtained . Immediately before returning the 

baboons to the cage (6 - 12 hours after discontinuation of 

cardio- pulmonary bypass) mean arterial pressure had risen 

to 90- 100mm Hg with mean central venous pressures of 1 - 5 

cm H
2
o wi thou t inotropic support . In all animals surviving 

longe r than 48 hours the ECG wa s normal; occasiona l flatte ­

ning or inversion of the T- wave in the left chest leads has 

been noted, although we have found this to be a not uncommon 

finding in healthy baboons . 

Good haemodynamic functioning has been confirmed at cardiac 

catheteri sation in these immunosuppressed animals (table 

9 . 9 . 9 . 1) ; virtually normal pressures were obtained . The 

slight pressure gradient between right ventricle and distal 

pulmonary ar t e ry was accounted f or by some narrowing occur­

ring at the pulmonary artery suture line at necropsy . 

The myocardium was examined histologically in most cases 

(table 9 . 9 . 9) . All the preserved hearts had some intersti­

tial oedema , but no features of major ischaemic injury . The 

baboon sac rificed on the 10th day showed minor f eatures of 

ischaemic damage notably myofibrillar degeneration (contrac ­

tion band necrosis a nd l oss of cross- striation) . Those ba­

boons which survived until rejection showed features of severe 

acute rejection with mononuclear cell infiltration , oedema 

and myofibri llar damage . 
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Only in those baboons in wh ich myocard ial function was obvious­

ly poor throughout the pos t - opera tive period from inadequate 

preservation have t he re been microscopic features of severe 

ischaemic injury t o t he myocardium . Some showed focal myo­

fibrillar degeneration, early myocytolysis , plus focal co­

agulative necrosis . Interstitial haemmorhage was also pre ­

sent in areas . 

Thes e findings suggested a reperfusion type of myofibre 

necrosis ; the heart failed within 48 hours . 

9 . 5 . 1. DISCUSSION AN D CONCLUSIONS 

Although there was once again a further improvement in most 

myocardial fun c tion, some parameters s uggested that preser­

vation was not perfect , suc h as the steady increase in re­

lease of LDH (figu r e 9 . 2) and the significant dec rease in LVP , 

CO and SV during functional testing when compared with control 

values . 

The incl usion of glycerol in the pe rfusat e did not result in 

a decreased percentage weight gain nor in a greater percen­

tage weight loss a ft e r r eperfusion although an advantage of 

glycerol in the perfusate was observed . The coronary flow at 

the beginni ng of prese rvati on was higher in group 6 than 7 , 

but at Lhe end of preservation the situa tion was reversed with 

a higher co ronary flow in group 7 . A similar improvement was 

observed in coronary vascul a r resistance , whi ch was lower in 

group 7 at the end of preservation . This effect may be due 

t o the decreased potassium concen tration . The importan t ob­

servation was t hat a ll the hearts were able to cope with the 

afterload of t he modified functional testing apparatus without 

any failure occurri ng . 
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Although the haemodynamic performance was not as good a s con­

trol hearts , the criterion for a trial by orthotopic trans­

plantation was satisfied . The results of orthotopic trans ­

plantation largely confirmed the effectiveness of this per­

fusate and 4 hearts were unable to support the circulation 

after orthotopic transplantation . Thus the perfusate still 

needed some modification . 

the tissue ATP levels were maintained at a relatively normal 

concentration during the period of preservation (figure 9 . 1) 

whereas the CP l evel was very low at the end of the 

period of preservation . This decrease suggested that the 

myocardium was unable to make full use of available sub­

strates and slowly depl eted reserves instead . A si~ilar 

problem was encountered earlier when glycogen levels were 

reduced . In an attempt to prevent glycogen depletion , a 

metabolic inhibitory approach was pursued as opposed to a 

metabolic stimulatory effect in whi ch substrate utilisation 

was enhanced . The presence of insulin in the perfusate was 

queried . The .decrease in tissue CP levels was evidence of 

endogenous metabolic activity, during which time a gradual 

accumulation of metabolic waste products occurred . These 

waste products presumable stimulated other metabolic path­

ways to assist in the eliminatory process , with the latter 

using additional energy resulting in further waste production . 

It was further speculated that the myocardium could be pro­

tected from injury induced by this futile cycle by reducing 

the effective rate of metabolic waste production . 
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This could be brought abou t by inducing a gradual accumu­

lation of fluid within the myocardium . The accumulated 

fluid would dilute the endogenous toxic waste products ; 

dilute the extracellular calcium concentration preventing 

possible enhanced resting myocardial tension (calcium may 

passively diffuse from the sarcoplasmic reticulum and the 

interstitial spaces through phospholipid moieti es in the 

cell membrane into the cells under hypothermic condit ions) 

and main tain a relatively constant endogenous acid - base 

balance . 

It was on these assumptions that the composition of the 

next perfusate was based . By a careful selection of os­

motically acti ve molecules the above effect was envisaged ; 

however it was essential that these s mall molecules would 

be able to rapidly diffuse back into the vascular compart­

ment following reperfusi on with blood . 
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Figure 9 . 1. 

8 16 24 
Time (h) 

Myocardial tissue adenc5ine triphosphate (ATP) and creatine phosphate 

(CP) l evel s before cardioplegic infusion (in vivo) , after cardio­

plegic infusion (arrested ), during hypothermic perfusion . 

Bars represent S .E . M. 
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Perfusate lactate dehydrogenase ILDH) concentrations duri ng the per i od 

of hypothermic perfusion . Bars represent S . E.M . 



CHAPTER 10 

GROUP 8 

10 . MODIFICATIONS TO THE PERFUSATE 

The composit ion of th is perfusate (table 10 . 1) was based on 

the hypothesis discussed in chapte r 9 concerning the effect 

of oedema formation on preservation . The actual changes or 

addit ions to the per fu sate wer e as f ollows : 

10 . 1. 1. INSULIN 

The use of insulin was discontinued because its effect on 

glucose upta ke was negligible (ta ble 7 . 5) . Insulin also 

has oth r undesirable stimulatory effects on the myoca rdium , 

such as acti vati on of pyruvate kinase and pyruvate dehydro­

genase , resul ting i n de phosphory lation of the latter enzyme 

(Hardi e 198 1) . Pyruvate kinase transfers a phosphate group 

from phosphoenolpyr uvate t o ADP generating pyruvate and ATP 

(Lehninge r 1972) . The ATP may then be available for unwanted 

metaboli c act ivi t y during preservati on, wh ereas the high 

energy state , phosphoenolpyruvate was pre f e rred until such 

t i me that normothermic conditions prevailed . Ins ulin was al so 

concerned i n the r egulat ion of synthesis of membrane- linked 

transport systems for glucose and othe r metabolites for en­

hancing the rate of trans l a tion of speci fi c mRNA species at 

the ribosome (Lehninger 1972 ) . With the desire to inhibit 

metabolism , i nsuli n was omitted f rom the perfusa te . 
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10 . 1. 2 . POTASSIUM DIHYDROGEN PHOSPHATE 

KH
2

Po
4 

was used in preference t o KCl. This substitution 

decreased the potassi um and inc r eased the phosphate con­

centration to 8mM . The po tass i um concen tration was re­

du ced to ensu re that a potassium induced vasocons triction 

did not occ ur (Scott et al 1959 ; Levowitz e t al 1969 ) . 

The phosphate concentration was increased approximately 

seven fold for a n osmotic effect, and as a substrate 

for possible phosphorylation r eac tions in the myocar di um . 

10 . 1. 3 . MAGNESIUM SULPHATE 

MgC1
2 

was s ubstituted by MgS04
. The effec ts of magnes ium 

are discussed in detail in chapter 5 . Magnesium r educes 

membrane permeability t o potassium and the refore helps 

to maintain a normal membrane potential (Holland 1964) , 

acts as a catalyst in phosphate metabolism, and i s essen­

tial t o near ly al l vital metabolic s ystems (Aikawa 1963 ). 

The substitut ion of sulphate for chloride was carried out 

because su lphate anions a r e more osmot ically acti ve (Col l ins 

et al 1977) . 
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10 . 1. 4 . SUCROSE 

Sucrose is effec tive in helping to prevent cellular swell ing 

(in the presence of sodium rich or sodium poor solutions ) 

(Lambotte e t al 1979) , a lthough swelling may occur wi th 

time (Pegg 1977 ) . Sucrose in aq ueous solutions become hy­

drated and in thi s fo rm it blocks pores in membranes 

(Sre r e 1981) and also protects against freezing damage 

(Woolga r 1974) . With these modi fications the osmolari ty 

increased from 330m0sm/ L to 385m0sm/ L. All determinations 

made during the hypothermic perfusion period (table 3 . 2) 

and during the normothermi c ex vi vo fun c tional evaluation 

period (table 3 . 3 ) are tabulaLed . 

RESULTS 

10 . 2 . 1. OBSERVATIONS DURING THE PERIOD OF HYPOTHERMIC PERFUSION 

Th ese hea rts appeared grossly enla rged at the end of the 

period of perfusion although the myocardium was sti l l sof t 

to the t ouch . My ocardium oxygen uptake at the beginning and 

t he end of the perfusion pe riod did not change significantly 

( ta ble 10 . 2 ) but the cor onary fl ow decreased (table 10 . 3 ) 

and t he cor onary vascular r esistanc e increased (table 10 . 4) 

significantly . Wh en compa ring the above parameters of gr oup 

7 with group 8 , only the co r ona r y vascular resi s tance at t he 

end of the preservation per i od differed signifi cantly be­

tween the two groups (table 10 . 5 ) being less in group 8 . 

The coronary flow at the end of preservation did not di f f er 

significantly (table 10 . 6) . The most str iking f eature afte r 

24 hours prese rvation was the inc r ease in weight (81%) (ta ble 

10 . 7) . 
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10 . 2 . 2 . ATP AND CP 

Changes in the tissue ATP and CP levels over the 24 hour 

preservation period are shown in figure 10 . 1. Very l ittle 

change in these two high energy phosphates were observed 

during preservation . At this stage hypothermic perfusion 

was discontinu d by removing the heart from the perfusion 

apparatus and leaving it on a table at room temperatur e to 

progressively rewarm . The reason for this delay was to al ­

l ow the myoca rdium to equilibrate ionic distribution and 

fluid content , dimini s hing myocardial stiffness when the 

hearts were fun ctionally evaluated . (This one hour isc ­

haemi c period would be inevitable in the clinical situa­

tion of transplantation as implantation of the organ would 

take a pproxi matel y the same time) . A sharp decrease in CP 

oc curred wh en the hearts were subjec ted to one hour of re ­

warming . During this period there was a passive loss of 

flu i d at a rate of 7 . 6 uL/min/gm we t wt as measured during 

the first 30 minutes (table 10 . 8) . 

10 . 2 . 3 . GLYCOGEN 

The cha nges in tissue glycogen levels are shown in figure 

10 . 2 . The perfusate appeared to pres erve the glycogen 

stores effectively as little change was noticed over this 

period . 

10 . 2 . 4 . LDH 

The release of LDH was monitored intermittently for 20 hours 

and during this period little change was observed (figure 

10 . 3) . 
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10.2 . 5 . LACTATE 

The perfusate lactate levels are shown in figure 7 . 2 . These 

values did not change significantly during the preservation 

period . 

10 . 3 . 1. OBSERVATIONS DURING THE PERIOD OF FUNCTIONAL TESTING 

After electrica l defibrillation these hearts quickly re ­

sumed sinus rhythm with forceful contractions . In this 

group 14 heart s were evaluated and all were ab l e to over­

come the afterload of the system. Haemodynamic performance 

did not dete riorate during the testing period and no rhythm 

disturbances were ever noticed . The cardiac output did not 

diff er significantly from the con trol group , and was signi ­

fi cantly higher than group 7 (table 10.9) . The coronary 

flow (table 10 . 9 . 1) and stroke volume (table 10 . 9 . 2 ) re­

mained wi thi n the range of control values , and the stroke 

volume wa s significantly higher than group 7 hearts . The 

aortic and left ventricular pressures were , however , sig­

nificantly lower than in the control group (table 10 . 9 . 3) 

and the myocardial oxygen uptake increased significantly 

wh en compared with the control and group 7 hearts (table 

10 . 9 . 4) . A mean heart weight loss of 8 . 3% occurred in the 

hearts evaluated (tabl e 10 . 9 . 5) . 

10 . 3 . 2 . ATP AND CP 

The ATP and CP tissue levels were determined at the end of 

the period of functional testing and these results are 

shown in tables 10 . 9 . 6 and 10 . 9 . 7 . The tissue high ener­

gy phosphates were well preserved and did not differ signi ­

ficantly from the control group . 
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10 . 3 . 3 . VENTRICULAR FUNCTION CURVE 

The results are shown in figure 10 . 4 . A similar functional 

response was observed between control hearts and hearts 

preserved f or 24 hours . 

10 . 3 . 4 . MITOCHONDRIAL OXIDATIVE PHOSPHORYLATION 

The results are shown in table 10 . 9 . 8 . The three para­

meters ; P:O ratio a nd RCI and ao2 were determined i n 

freshly arrested (control) and hearts preserved for 24 

hours and then reperfused for 1 hour with wa rm blood . In 

all hree cases the control and experimental values of the 

RCI and ao2 were somewhat lower than their con trol counter­

parts . 

10 . 3 . 5 . RELEASE OF LYSOSOMAL ACID PHOSPHATASE 

The r esults are shown in figure 10 . 5 . Three fractions -

supernatant , particulate and nuclea r - were isolated from 

3 groups of hearts . These were : group A (fresh) , gr oup B 

(from hearts sub j ected t o 24 hours hypothermic prese rvation) 

group C (from hearts subjected to 24 hours hypothermic preser­

vation and then reperfused for one hour with warm blood) . A 

detailed presentation of the free total acid phosphatase ac­

tivities and protein concent rations are tabulated in appen­

dix 3 . The supernatant , particulate and nuclear , free a cid 

phosphatase activities of group B were significantly higher 

than the control group A. In group C only the particulate 

and nuclear free acid phosphatase activities were significant­

ly higher than the cont rol group A. The free ac id phosphatase 

activities of the three groups shown in the supernatant , par­

ticulate and nuclear fractions were regarded as basal acti ­

vities . 

179 



(These activities were determined by incubation of each of 

these fractions in isolation buffer for a period of 15 minutes 

at 37°C then measuring the total free acid phosphatase acti ­

vity after centrifugation at 20 OOOg) . The latent activities 

of the 3 lysosoma l fra ctions were then determined by st r essing 

the fraction s in Triton X- 100 (1%) (table 10 . 9 . 9) . The par-

ticulate fra c tion was also mildly stressed in Triton X- 100 

(0 . 1%) . The free latent activities in group B were all sig­

nifi cantly higher than the free latent activities in t he con­

t r ol group , whereas only the nuclear fraction of group C was 

significantly higher than the control group A (table 10.9.9). 

These r esults we r e difficult to interpret . 

10 . 3 . 6 . SARCOPLASMIC RETICULUM 

The r esults are shown in figure 10 . 6 . During the period of 

hypothermic prese rva tion the cal cium up take activity in the 

sarcoplasmi c reticulum was signifi cantly reduced although this 

inhibitory effec t was reversible after a period of reperfusion 

with warm blood . 

10 . 4 . 1. ORTHOTOPIC TRANSPLANTATION 

10 . 4 . 2 . OBSERVATIONS DURING THE PERIOD OF HYPOTHERMIC PERFUSION (TABLE 

9 . 9 . 8) . 

Hea rts in group 7 had , by chance , an initial greater mean 

weight t han those in group 8 . All hea rts increased in weight 

during the period of perfusion due to oedema formation . The 

mean increase i n weight was 32% in hearts in group 7 and 82% 

in group 8 (P ~ 0 . 001) . Initial mean coronary flow was signi ­

ficantly greater in group 8 than in group 7 . 
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Coronary flow fell or remained unchanged in all hearts during 

the perfusion period, the mean percentage fall being greater 

in group 8 hearts, though this difference was not statistical­

ly significant . The coronary flow at the end of the perfusion 

period remained , however, significantly greater in group 8 

heart s compared with group 7. Initial mean coronary vascu-

lar resistance was significantly greater in group 7 than group 

8 and rose during the perfusion period in all cases except one . 

Coronary vascular resistance at the end of the perfusion period 

was similarly significantly greater in group 7 hearts , but ac­

tual increase in resistance from the beginning to the end of 

perfusion was not statistically significant in group 7 though 

it was in group 8 . However, the mean% increase in resistance 

in group 8 hearts was not significantly different from that i n 

group 7 hearts . 

10 . 4 . 3 . RESULTS OF ORTHOTOPIC TRANSPLANTATION 

In this group all 6 baboons survived until rejection with a mean 

survival period of 19 . 5 days (table 10 . 9 . 9 , 1) . Immediately 

after discontinuation of cardiopulmonary bypass myocardial func ­

tion was impressively good with mean arterial pressures of 60 -

80 mmHg and inotropic support clearly not being essential . The 

ECG voltages as determined in the donor animals were 4.7 mV and 

decreased to 3 . 9 mV in the recipient after hypothermic preser­

vation though this decrease was not significant (P > 0 . 05) 

(table 10 . 9 . 9 . 2) . Catheterisation of two animals confirmed good 

haemodynamic function (table 9 . 9 . 9 . 1); virtually normal pres­

sures were obtained . Histological examinations of the myocar­

di11m showed features of severe r e jection with mononuclear cell 

infiltration and oedema and myofibre damage (table 10.9.9 .1). 
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10.5 . 1. DISCUSSION AND CONCLUSIONS 

Th is perfusate was assessed in detail (biochemically and func­

tionally) and f ound to be largely effective over the period of 

24 hours preservation . Myocardial oedema occurred as predicted . 

Within five hours the myocardium gained 50% of its tota l fluid 

and the remaining fluid uptake occurred more gradually during 

the latter period of preservation (figure 10 . 7). The develop~ 

ment of enhanced resting myocardia l tension would theoretically 

counteract gross oedema f ormation as myofibres would gradually 

be shortened, preventing fluid - induced expansion of the myo­

cardium . The theory put forward by Katz and Reuter (1979) 
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(cal cium leakage results in resting myocardial tension and the 

oedema hypothesis of this study (accumulation of fluid dilutes myo­

plasmic . calcium concentrations) were supported by observations 

depicted in fi gure 10 . 7 . Hearts that gained the least f l uid 

were hard to the touch and functioned poorly (figure 10.7 -

group 1) whereas the most severely oedematous hearts were soft 

to the touc h and functioned exceptionally well (figure 10 . 7 -

group 8) . Bioc hemical studies have also shown that hearts pre­

served in group 8 were far more viable than hearts preserved in 

any of the preceding groups . Parallel with this observation was 

the fact that fluid accumulation in the myocardium was maximal 

in group 8 and minimal in group 1. The intermediate groups 

(3 - 7) had a significantly higher fluid accumulation than groups 

1 and 2 (table 10.7) and had a superior functional response when 

compared wi th the latter groups (table 8 . 6) . From these re­

sults it was feasible to conclude that oedema formation was bene­

ficial for myocardial protection during hypothermic perfusion 

preservation . The reason for maintaining the heart in an un­

perfused state for 1 hour was to allow ionic redistribution 

during gradual rewarming and loss of acquired fluid , preventing 



possible damage to the myocardium during the initial stages of con trac ­

tile motion . Despite the loss of fluid during this period . the LVP 

was notably significantly reduced due to myocardial wall stiffness 

(table 10 . 9 . 3) (Pogatsa et al 1976; Schaff et al 1978) . During this 

passive rewarming period the CP levels (figure 10 . 1) dropped signifi­

cantly but this phenomenon was reversible as these values were re ­

established after a period of 1 hour normothermic blood reperfusion 

(tables 10 . 9 . 6 and 10 . 9.7). 

Oedema formation did not affect coronary flow and coronary vascular re­

sistance significantly because hearts with the highest percentage weight 

gain had the highest coronary flow (table 10 . 6) and the lowest coronary 

vascular resi stance (table 10. 5 ) at the end of the period of preserva­

tion . These results were contrary to those previously r eported in 

which oedema formation affected flow through an organ (Limas et al 1977; 

Ames et al 1968; Engelman et al 1975; Krug et al 1966 ; Gavin et al 1978) 

and was a man ifesta tion of ischaemi c injury (Trump et al 1976 ; Guerraty 

1981; Belzer and Southard 1980 ; Whalen et al 1974; Willerson et al 1977) . 

It is not implied that myocardial oedema was not a harmful phenomenon as 

intracellular oedema following myocardial ischaemic injury resulting 

from loss of cell volume regulation leads to possible sarcolemmal in-

jury (Kloner et al 1974 ; Whalen et al 1974) . However , the oedema for ­

mation in the hearts in this study would appear to result from the in­

flux of small , osmotica lly-active mol ecules rather than a result of isc ­

haemic injury. Poss ibly this would also explain why a good correlation 

between control and experimental results was observed . Oedema forma-

tion did not significantly affect the integrity of the mitochondria 

(table 10 . 9 . 8) nor the sa r coplasmic reticulum, (figure 10.6) although 
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the significantly r ed uc ed ca l c ium uptake activity during the period of 

preservation was presumabl y due to a combined inhibitory effect of the 

perfusate and hypothermia on the ca lcium ATPase , rather than a consequence 



of oedema formation . The i nh ibitory effect of hypothermia on mito­

chondrial respiration is shown in table 10 . 9 . 9 . 3 . In the absence of 

chemica l metabolic inhibitors , the rate of mitochondrial oxygen up­

take was mark ed l y reduced at low temperatures and this temperature 

sensitive phenomenon was completely reversible upon rewarming to 30° C. 

The most important obse rvation was that the mitochondria were still 

respiring slowly at 8°C although they were uncoupled . As a r esult no 

ATP was synthesised by the mitochond ria for other metabolic needs . 

With little lac tate production ( figure 7 . 2 ), it was presumed that 

minimal energy was supplied by the anaerobic glycolytic pathway . The 

net energy production in the my ocardium was subsequently very low or 

absent and the lack of adequate energy production was considered re ­

sponsible for the absence of successful preservation described earlier 

in this disser tation . By using suitable metabolic inhibitors and re ­

ducing myocardial energy demands , successful preservation was achieved . 

A direct explanation for the increased release of free lysosomal acid 

phosphatase during preservation was not possible . 

An analogous situation occurred in ischaemic tissue resulting in damage 

to membranes of subcel lular organelles (Decker et al 1980) . The intra­

cellular enzymes of latent lysosomes was found to be closely linked to 

the damage whi ch accelerated the progression of injury to necrosis 

(van Lancker and Hol tzer 1959 ); De Duve and Wattiaux 1965 ; Decker et al 

1980 ) . If necrosis were a consequence of free lysos omal enzyme ac tivity 

in the myocard ium, then poor myocardial integrity would be antici pated . 

The results of this investigation indicate that a high free acid phos­

phatase tiss ue concentration had no permanent pathological i mpli cat i ons 

under hypothermic conditions . The latenci es of the t hree fractions 

from each group are shown in tabl e 10 . 9 . 9 . The release of l atent ac ­

tivity was induced by stressing each fraction in Triton X-100 (1%) . 
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The laten t activity of each fraction in group B was significant l y 

higher than the corr esponding fraction in group A (table 10 . 9 . 9 . ) . 

A similar finding was shown when comparing the basal activities 

between the two groups . These find ings implied that continuous 

hypoth ermi c perfusi on (group B) stimulated t he release of acid 

phosphatase and that my oca rdial lysosomal membranes preserved by 

this method were more s usceptible to injury following trea t ment 

with detergent . Alternatively , the pe rfusion preservation may have 

increased the activity by converting acid phosphatase f r om an inhi ­

bited , bound form to an uninhibited, unbound f orm . (Injury induced 

by the free enzyme during this period was not expected to be severe 

due to the metabolic inhibitory effect of the perfusate and hypo­

thermia ) . 

In group C the heart s we r e agai n r eperfused wi th wa rm blood , and lyso­

somal acid phosphatase aciti viti es were s imi l arly determined . By 

comparing the cont r ol group A and r eperfused group C hearts , the 

following obse rvations were made : the basal ac tiv ities of the nuclear 

and particulate fractions were significant ly higher than the control 

group . Only the latent activity of t he nuclea r fraction was signifi ­

cantly higher than the control group (table 10 . 9 . 9) . These signifi ­

cant differences again implied that a higher concen tration of free 

acid phosphatase was present in the myocardia l ti ssues of r eperfused 

hearts . In this group only the nuclear fraction was more susceptibl e 

to detergent treatment . At this stage of interpre t a ti on of the results 

it was c lear that l ysosomes of group Band group Chad undergone some 

change . These r esults were conflicting with biochemical and funct i onal 

studies and the prob l em was further investiga t ed . By dividing the 

latent activities (Triton X-1 00 1% ) of the particulate fractions of 

each group by their respective basa l activities, thei r relative l atent 

activities were determined . 
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To correct for the different preservation conditions the latent ac ­

tivities of the parti culate fractions were divided by the basal ac ­

tivity of group A heart s (unp r eserved con t ro l hearts) . These re ­

sults are shown in figure 10 . 8 . A considerable fr ee enzyme acti -

vi t y was noted in group Band Lhe free activity of group C was 

reduced to with in the normal range of group A. This reduction in 

activity was either a consequence of or loss of lysosomal acid phos­

pha tase activity during the period of isolation , functiona l testing 

period , or possibly t he re - uptake of acid phos phatase by myocardial 

lysosomes (Herzog 1981 ) . The other possibilities were r uled out be­

cause l oss of acid phosphatase from the particula te f raction would 

either be r ecovered in t he nuclear or t he supernatant fraction . It 

was unlikely that the enzyme was rendered inactive during the period 

of reperfusion as no inc r eased act ivity was noted in the serum of 

reperfused hearts (group C) . Evidence for the phenomenon of inter­

nalisation (Herzog 198 1) of fr ee acid phospha tase was provided by 

determining the fragility of the particulate fractions of the three 

groups by subjecting them to different concentra tions of detergent 

treatment (Triton X-1 00 1% and 0 . 1%) . The ratio of 1% : 0 . 1% of the 

particulate fraction of eac h group was compared (figur e 10 . 9 ) . The 

fragility ratios of the three groups wer e not significantly different 

from one another , implying that the membrane fragilities were similar 

wh en determined under their respective preservation condi tions . These 

results further i mplied that the high free lysosomal acid phos phatase 

activity was a consequence of r eversible membrane permeability changes 

rather than irreversible structural damage t o the membrane . An ex­

planation f or the high fre e activity in group B was probably due to 

a physical response of the lysosomal membrane t o hypothermia . Addi ­

tional evidence for the a l tered membrane permeability theory was ob­

tained from studies of mitochondria of homeothermic animals in which 

a phase change in the membrane lipid occurred at r educed temperatures . 

(Raison and Lyon s 1971) . 
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In the lysosomes of homeothermic animals such a phase change was 

envisaged in which the effect of the induced change may result in 

increased membrane permeability . On rewarming the lysosomal mem­

brane may then re - estabiish its original structure , exhibiting 

similar properties to that of fr esh ly isolated lysosomes . The 

cause of the increased permeability and the biological effec ts of 

the free enzymes in the preserved myocardial tissues were not c l ear ­

ly understood and these changes did not influence myocardial fun c­

tion significantly . 

The effectiveness of steroids against the release of lysosomal en ­

zymes was first demonstrated by de Duve (1959) and Weismann (1964) 

who showed that high concentrations of steroids retarded the re ­

lease of lysosomal enzymes (acid phosphatase and )3- glucuronidase ) . 

However, on taking into account the high concentrations of steroids 

required in vitro to achieve this inhibition and extrapolating it 

to in vivo situations , it was unl ikely that lysosomes throughout 

the myocardium would be coated by such amounts of protective ste­

roids . For this reason the use of steroids was omitted from the 

perfusate . 

In an additional study the metabolic inhibitory effect of hypother­

mia on the mitochondrial rate of oxygen uptake was determined . The 

results were intriguing in that most of the metabolic activity (oxy­

gen uptake) was inhibi ted (greater than 90%) during the first 8°C drop 

in temperature (tabl e 10 . 9 . 9 . 3) . At 8°C the mean rate of oxygen 

uptake was reduced to 0 . 4% being inhibited by 99 . 6% . 
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The percentage inhibition of oxygen uptake of hearts during 

hypothermic preservation may be calculated from figures 

presented in t ables 10 . 2 and 10.9 . 4 . The oxygen uptake 

of the entire organ was also inhibited by 99% , being similar 

to results obtained from mitochondrial studies . Although 

the importance of oxygen utilisation during hypothermic 

preservation wa s not assessed , its necessity in preservation 

solution requires further investigation . 

Finally , the efficacy of the preservation system was tested 

by orthotopic transplantation of baboon hearts . These 

hearts gained weight from oedema during the period of hypo­

thermi c preservation (pig hearts gained 81%) and the cor o­

nary flow was significantly higher (table 9 . 9 .8) than the 

corresponding pig values at the beginning and end of preser­

vation . This impJied that in baboons the pe rfusate had an 

even morP marked ef fect on the maintenance of an adequate 

corona ry flow and coronary resis tance . The prese rvation 

effect of the perfusate on baboon hea rts was con firmed by 

orthotopi c t r a nspJantation . ThP present study, therefor e , 

constituted a considerable advance on previous solutions in 

that all the baboons s urvived to r e j ection (ta bl e 10 . 9 . 9 . 1) 

with a mean survival period of 19 . 5 days . 
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Figure 10 . 1 . 

Determination of myocardial tissue adenosine triphospnate (ATP) and 

creatine phosphate (CP) levels before cardioplegic infusion (in vivo ) 

after cardioplegic infusion (arrested) and during hypothermic perfusion . 

Thereafter the hearts were removed from the perfusion apparatus and 

left to rewarm at room temperature for one hour , ATP and CP were 

again determined (rewarming) . Bars represent S . E.M . 
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Figure 10 . 2 . 

Dete rmination of myoca rdial tissue glycogen (glucose eq uivalents) 

levels befo r e card i oplegic i nfusion (in vivo) after cardioplegic in­

fusion (arrested ) and during hypothermic perfusion . Thereafter the 

hearts we re r emoved from t he per fu sion appa ratus and l e ft to r ewarm 

at room temperature for one hour and the glycogen level was again 

determined (rewarming ) . Following the r ewarming period the hearts 

were r e perfus ed with warm blood and switched to the working mode 

(working) . Bars r epresent S . E.M . 
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Perfusate lac ate dehydrogenase '.LOH) concentrations during the 

period of hypoth erm i c perfusion . Bars represent S . E. M. 
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Fig . 10 . 4 . 

Ventricular function curves of control hearts :x- - - - x ) and hea rts 

preserved for 24 hours . :o-----0) . Bars represent S . E.M . 
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A compar i son of fr ee lysosomal acid phosphatase activities of 3 groups 

Group A :freshly excised) ; Group B :24 hour prese rved), and Group C r24 

hour preserved f oll owed by one hour warm blood r epe rfusion) . Each group 

consists of three differentially isolated lysosomal fractions ; super­

natant , particulate a nd nuclear. Ac id phospha tase activities are signi ­

f ican tly higher in group B compa r ed with groups A and C. For details see 

text . Bars represent S.E . M. 
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Fig . 10 . 6 . 

Sa rcopla smic reticulum calcium uptake of three groups of hearts: 

'. 1) control :2) 24 hour preserved '.preserved) and 24 hour preserved 

followed by one hour of wa rm blood reperfusion :reperfused) . Bars 

represent S . E. M. 
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Figure 10 . 7. 

Water gained by three groups of hearts du ring perfusion , indicated by 

diminishing dry weight : wet weight rat ios . After 24 hours group 8 

had the lowest ratio indicating considerable fluid retention r elat i ve 

to group 7 and group 1 which developed the least fluid retent i on . 

216 



40 

30 

·-> -u 
0 

0 

"'20 
~ 
0 ... 
C 
0 
u --0 
0 
-;- 10 
X 

C 
0 -

Fig . 10 . 8 . 

n= 8 

A B C 

Group 

The latency of the particulate fraction of each of three groups /group A) 

:freshly isolated lysosomes) , leroup B) /lysosomes isolated from hear ts 

perfused for 24 hours) and /group C) :1ysosomes iso lated from hearts 

perfused 24 hours followed by one hour warm blood reperfusion) was deter-

mined by incubation of the particulate fraction in 1% Triton X 100. The 

latencies of groups Band C were then corrected by dividing them by the 

basal activity of group A. Only group B differed significantly from 

control group A. Bars represent S . E. M. 
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ThL fragility rati o wa s c~ l culat ed f r om the particulate fra c ti on of 

hree groups of hear ts :grou p A) freshly isolated lysosomes, :group Bl 

ly:o~omes i so l atej from h~;1rL~ preserved for 24 hours and group C 

lysosomes isolated from hca rLs pe rfused f or 24 hours followed by a hour 

1-1arm blood reper·fus ion . the particulate fract ions of groups A, 8 and C 

were stressed in 1% ~nd 0 . 1% TrjLon X - 100 . The two resulting activities 

of each group were expressed as ratio : 1% Triton X - 100/0 . 1% Triton X - 100) 

r eferr ed to as t he fragility rat io . Groups A,B and C did not differ sig­

nificant ly, s howing that t he fragility of the lysosomal membrane did not 

cha nge during the period of preservation nor during the period of reper­

fu sion . Bars r epr esenL S . E. M. 
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CHAPTER 11 

GROUP 9 

11 . THE PORTABLE PRESERVATION SYSTEM 

Portable preservation units for the transplantation of livers 

(Norman 1968) and kidneys (Collins et al 1969) have been de­

signed, but portable units for heart preservation have rare­

ly been reported (Cooper 1975) , although hea rts have been 

portably preserved by simple storage on ice for periods up 

to 4 hours and orthotopically transplanted (Thomas et al 1978) . 

An inadequate supply of donors conttibutes to the high mortality 

in potential recipients for whom a donor is not found . Sto­

rage of donors hearts for periods of up to 24 hours would 

enable transplantation over long distances and would there-

fore increase donor supply . 

Following the consistent success with in vitro functional tes­

ting of prese rved pig hea rts and orthotopic transplantation 

of baboon hearts it was desirable that a portable preserva­

tion unit be designed before clinical application of this 

system . Essential features of the design were simplicity, 

compactness , independence from any source of power, and ab­

solute sLerility . These requirements would minimise compli­

cations arising during transit . 

For future c linical application the non- portable laboratory 

preservation unit would not satisfy these requirements . The 

new system was pneumatically powered and the design was based 

on that of the airlift principle in which an oxygenated per­

fusate is recycled between two vertically located reservoirs 

(figure 11 . 1) (Dumbleton 1953) . 
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An exact explanation of the dynamics of the system is com­

plex and a simplified version is offered below . By im­

mersing one end of an open-ended pipe into a container 

with fluid, the water lev 1 will stand in the pipe at the 

same height as in the container . 

If air is injected into the foot of the pipe, the state of 

equilibrium js destroyed as the density of the mixture of 

gas and fluid is less than that of the fluid alone and fluid 

therefore rushes into the pipe from outside , pushing the 

aerated column upwards to restore equilibrium . It is de­

sirable that the stream of air be broken up as much as pos­

sible in the form of small bubbl es to faciljtate the dis ­

placement of fluid . This is achieved by having a small 

ejection porl preventing the slippage of intermittently pro­

duced fluid - air interfaces . The displaced fluid passes from 

the lower reservoir to the upper reservoir . Once the upper 

reservoir is fu ll, a fluid - gas mixture drains through the 

overflow into the lower reservoir . The continuous fluid -

gas drainage results in a pressure buildup in the lower 

reservoir until a state of equiliQrium is reached, preventing 

any further fluid - gas drainage . The upper reservoir fluid 

height now rises, until the equilibrium is upset and a con­

tinuous drainage of only fluid now passes down the overflow . 

This raised lower reservoir pressure now decreases the bubble 

size at the e j ec tor port , resulting in a more efficient fluid 

delivery to the upper reservoir. Thi s improvement in effi ­

ciency takes approximately 3 - 5 minutes to be effective and 

the gas delivery can then be decreased , conserving the com­

pressed gas store , yet providing sufficient perfusate to the 

myocardium . 
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The volume of fluid deli vered also depends on the l ower reser­

voir fluid depth , the ejector diameter, and the rate of the 

gas flow . The maximum rate of fluid deli very is 150m£/min 

with a vertical lift of 20 - 25cm . An in- l ine 20 mic r on fil ­

ter is also fitt ed between the upper and lower rese rvoirs , 

filtering any contaminant macromolecule that might interrupt 

fl ow through the coronary vasculature (figure 11 . 1) . The 

glass unit is then placed into a stainless steel insulated 

box containing ice , which cools the perfusate to approxi ­

mately 4 - 10°c . 

The gas mixture from the pressu rised gas cylinder has four 

essential functio ns : 

1. circulates the fluid 

2 . oxygenates the medium 

3 . maintains the acid - base balance between pH 7 . 0 - 7 . 8 

4 . maintains sterility by creating a positive pressure 

inside the g l ass unit ensuri ng the unidirectional out ­

ward gas flow . 

The advantages of the system are as fol lows : 

i) no electrical pumping device is required 

ii) there are no moving parts 

iii ) the fluid delivery pipe can be bent at any angl e with 

little decrease in flu id delivery . 

RESULTS 

The efficiency of the portable preservation s ystem was con­

firmed by three methods . 

(a) Ex vivo functional evaluation of pig hearts 

(b) orthotopic transplantation of baboon hearts 

(cl autotransplantation of baboon hearts 
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The pig and baboon hearts were arrested using cardioplegic 

solution c
2 

(table 2 . 1) followed by 24 hours perfusion 

preservation in solution 8 or 9 ( table 11 . 1) . 

11 . 1. 1. OBSERVATIONS DURING THE PERIOD OF HYPOTHERMIC PERFUSION 

These hearts were alwaY,S very so f t after the preservation 

period yet markedly oedematous (table 11 . 2) . The 20 micron 

filters were never occluded and allowed continuous cycling 

of a small number of red blood cells which were still in­

tact though very shrunken when examined under phase con­

trast microscopy . After 24 hours the perfusate itself 

was opaque due to unfiltered red blood cells and other cir­

culatory metabolites. The modified filtration sys tem did 

not appear to have a deleterious effec t on subsequen t 

functi on . 

Th e perf11 ate p02 
wh en measured at J0°C was high and varied 

between 1000 and 2000 mm Hg due to the increased partial 

pressure of oxygen in the lower reservoir . Myocardial 

oxygen uptake both at the beginning and end of preservation 

did not change significantly (table 11.2 . 1) . Myocardial 

temperature remai ned low throughout the period of preserva­

tion with an i nitial temperature of 10°C dropping steadily 

to 4°C shortly before the start of hypothermic perfusion . 

A similar dec rease in temperature occurred in the non- por­

table preservation unit . The decrease in coronary flow 

(table 11 . J) and the increase in coronary r esistance (table 

11 . 4) as noted in previous sections , did not reach statis­

tical ignificance on this occasion over the period of pre­

servat ion . 
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A compar ison of cor onary flow at the beginning of preservation 

between groups 8 and 9 did not differ significantly (table 

11. 6) nor did the coronary fl ow at the end of preservation 

(tabl e 11 . 7) . Perfusa te samples taken after the period of 

preservation for bacterial cultur e were all found to be 

sterile . 

11 . 2 . 1. OBSERVATIONS DURING THE PERIOD OF FUNCTIONAL EVALUATION 

The pattern of r ecovery was similar to group 8 hearts , name­

l y , initial vascular fibrillation requiring defibrillat ion, 

being followed by sinus rhythm , with good contractions . 

Af ter one hour of r e perfusion with blood , a mean weight loss 

of 7 . 5% occurred (table 11 . 5) . There was a slow but steady 

improvement in performance over the cour se of one hour tes ­

ting . Haemodynami c observations during the "active " phase 

are listed in tables 11 . 8 (stroke volume) , 11.9 (cardiac out­

put), 11 . 9 . 1 (coronary fl ow) and 11 . 9 . 2 (pressu re determina­

tions) . Only the left ventri cular pressure was significant­

ly di fferent from cont rol values . Rhythm disorders were not 

seen in these hearts . Oxygen uptake was significantly higher 

in both groups 8 and 9 when compared with the control group 

(table 11 . 9 . 2 . 1). Hi s tological examinations revealed inters­

titial oedema, but the myofibres and nucle i appeared well 

preserved . My ofibrillar degeneratio~ and scanty haemorrhage 

were present on occasions . No subendocardial haemorrhage or 

coagu l ative nec rosis were observed . 

11 . 3 . 1. ORTHOTOPIC TRANSPLANTATION 

The method of orthotopic transplantat ion is described i n sec ­

tion 2 . 1 . 12 . 
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Eleven baboon hearts were transplanted after preservation 

of which three were electively killed after 2 days . 

11 . 3 . 2 . OBSERVATIONS DURING THE PERIOD OF HYPOTHERMIC PERFUSION 

These hearts were markedly oedematous , gaining 80 . 3% weight . 

- 2 
The initial coronary flow was 21 . 15 x 10 m£/min/gm and 

- 2 
fell to 14 . 49 x 10 m£/min/gm at the end of the perfusion 

period (P ~ 0 . 0001) . Coronary resistance rose from an ini­

tial 42 cm H
2

0/gm/min/m£ to 50 cm H2
0/gm/min/m£ at the end 

of perfusion (P < 0 . 001) . 

11 . 3 . 3 . RESULTS OF ORTHOTOPIC TRANSPLANTATION 

After approximately 10 - 15 minutes of rewarming following 

removal of the aortic cross- clamp , vigorous ventricular fi ­

brillation had occurred , spontaneously reverting to sinus 

rhythm requiring no defibrillation . The animals were weaned 

off cardiopulmonary bypass with minimum inotropic support . 

The hearts of the three electively sacrificed animals gained 

a mean weight of 66 . 3% after preservation . After orthotopic 

transplantation (2·days) these hearts lost 47 . 3% of their 

gained weight . This was remarkable as the oedema formation 

was at least in part r eversible . The remaining eight animals 

survived until rejection with a mean survival period of 27 

days (table 11 . 9 . 3) . Good haemod ynamic function has been 

confirmed at ca1'dLac caLheterisation in six animals (table 

11 . 9 . 4) ; virtually normal pressures were again obtained . Nar­

rowing at the pulmonary suture lines confirmed at necropsy 

caused a slight gradient between right ventricl e and distal 

pulmonary artery . 
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Histological examination showed features of severe acute 

rejection (table 11 . 9 . 3) . 

11 . 4 . 1. AUTOTRANSPLANTATION 

Three experiments were performed . Outbred chacma baboons 

weighing 10 , 12 and 15 kg were used . 

Stage 1 

The methods of pre- medication , anaesthesia and ventilation 

are described in section 2 .1. 11 . 

11 . 4 . 2 . COLD CARDIOPLEGIC ARREST AND HEART EXCISION 

A median sternotomy was performed . Total cardiopulmonary by­

pass was initiated after cannulation of the SVC, IVC and dis ­

tal ascending aorta . Cooling to 28°C was carried out . A left 

ventricular vent was inserted at the apex . A needle attached 

by sterile tubing to a 500m£ bag containing cardioplegic agent 

at 4°C (table 2 . 1) was inserted into the root of the aorta . 

The distal ascending aorta proximal to the aortic cannula was 

cross- clamped and 500m£ cardioplegic agent infused ; an inci­

sion was made in the right atrium and coronary sinus return 

sucked to waste . The pericardial cavity was filled with nor­

mal saline at 4°C to externally cool the heart . The heart 

was then excised , the line of excision being carried into the 

SVC and IVC , taking care to include the region of the sinus 

node with the heart ; the aorta and pulmonary artery was divi ­

ded approximately 3 cm distal to their respective valves . The 

heart was then weighed and transferred to the perfusion appa­

ratus. An orthotopic transplant was then performed using a 

heart excised from a donor baboon matched for AB blood group . 

The techniques of donor heart excision and orthotopic trans­

plantation were basically as described in section 2 . 1. 12. 
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Cardiopulmonary bypass was then discontinued a nd, once 

donor heart fu nction was deemed satisfactory , the ches t 

was closed and the baboon returned to its cage . No 

immunosuppressive therapy was adminis tered . 

Stage 2 

On the following day , when the excised heart had undergone 

continuous hypothermic perfusion for 20- 24 hours , the ba­

boon was again premedicated, anaesthet ised and ven tilated 

as described before . The sternotomy was reopened and cardio­

pulmonary bypass inst ituted as before . The ascending aorta 

was cross- c l amped and the transplanted heart excised . The 

ani rnal ' s own heart was then removed from the perfusion appa­

rat s , weighed and replaced in its original position . 

Post - operative management was as in section 2 . 1. 13 . 

11 . 4 . 3 . RESULTS OF AUTOTRANSPLANTATION 

Three autografts were performed (table 11.9.5) . 

Case 1 

The first baboon made an excellent recovery and was extremely 

active and obvious ly well until he died s uddenly on the 31st 

post - operative day . During the f irst week af t er ope r a tion he 

developed some oedema of the scrotum for which he was given 

Frusern lde 5 mg i . m. on three occasions ; the oedema did not 

recur . Necropsy revealed t hat a false aneurysm situated be­

tween the ascendi ng aorta and sternum , and communicating 

wi th the aorta through a pinhole at the aortic suture line , 

had ruptured into the right pleural cavity , exsanguinating the 

animal . Unfortunately , post - operative cardiac catheterisation 

had not yet been performed . 
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Histological examination by light microscopy of the myocar­

dium showed interstitial oedema and scanty myocytolysis 

only ; the small blood vessels were well preserved . 

Case 2 

This baboon made an excellent recovery and remains well and 

active five months after autotransplantation . This animal 

also developed swelling of the lower abdomen and scrotum 

within the first few days after operation and required f YU -

semide 5 mm i . m. on four occasions ; again , the oedema did 

not recur . Cardiac catheterisation has been performed on 

two occasions at 1 and 2 months (table 11 . 9 . 6) and the data 

obtained differed insignificantly from that obtained from 

the same baboon pre-operatively , except with regard to a 

small right ventricular- pulmonary artery gradient and an un­

explained increase in pulmonary capillary wedge pressure ; 

left ventricular end - diastolic pressure, however , remains 

normal . 

Case 3 

The third animal developed a dysentry from a severe entero­

colitis which progressed to a purulent peritonitis in the 

early post - operative period and , despite therapy , death 

occurred on the 7th day . Though sick throughout this period, 

ma king it difficult to assess his haemodynamic state reliably , 

cardiac function appeared satisfactory . There was no depen­

dent oedema . Cardiac catheterisation was not performed . 

Necropsy confirmed a grossly distended colon and purulent 

peritonitis . 
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11 . 5 . 1. DISCUSSION AND CONCLUSIONS 

The modifi cations to the preservation unit did not affect 

myocardial function after a pe riod of 24 hours hypothermic 

preservation both in pig and baboon hearts . In the former 

animal this was confirmed by functional evaluation and in 

the l atter by orthotopic transplantation . Under these ex­

perimental conditions myocardial function following preser­

vation did not appear to be influenced by relatively wide 

fluctuation in pH (7 . 0 to 7.8) and p02 
(1000 - 2000 mm Hg) 

nor by the lower degree of filtrati on . The hearts remained 

ste r ile during the preservation period and associated infec­

tions did not occur in the survi ving baboons . 

To confirm the s uperiority of perfusion preservation over 

simple storage in ice, a group of 10 pig hearts were stored 

simply in solution 8 in ice . The mean percentage weight 

gain during the period of storage was 6 . 8% but by the end 

of 60 minutes r e perfusion with blood and functional testing, 

there was a further increase of 72 . 9% . 

These hearts , on rewarming, quickly resumed spontaneous sinus 

rhythm and , in the main, did not r equire defibrillation . 

Whilst still being passively perfused , initial contractions 

were forcible , but in all cases , deterioration occurred over 

the first ten minute period, during which, the hearts were 

expected to support a work load . Haemodynami c measurements , 

made after switching to the working mode , are listed in table 

11.9.7. 
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Cardiac function showed only little recovery after the initial 

deterioration . Rhythm disorders were common in this group . 

Microscopy showed interstitial oedema with capillary dis ­

ruption in areas . It would appear that these stored hearts 

had sustained damaged cell membranes , allowing an accumula­

tion of intracellular fluid during the period of r eperfusion ; 

as this occurred , myocardial function deteriorated . 

Even the preservatives of the major constituents of the car­

dioplegi c solution and the perfusate would appear to be im­

portant . At one stage in the development of this system, we 

unwittingly used proca ine hydrochloride made up in 0 . 5% phenol ; 

this resulted in inferior cardiac output when compared with 

hearts in group 9 in wh ich the procaine hydrochloride was made 

up into 0 . 1% chlorocresol . The haemodynamic performances of 

these two groups of hearts on testing are shown in table 11. 

9 .8 ; iL shou ld be sLressed that the only difference in the two 

groups was the preservative used with regard to the procaine 

in both cardioplegic solution and the perfusate . The "phenol " 

hearts, however , gained weight (mean 1. 8%) during the 1 hour 

period of reperfusion of functional testing, in contra dis ­

tinction to the "cresol " group where there was a mean weight 

loss of 7 . 5% . 

We are unable to give a definite explanation for the mechanism 

by which 0 . 5% phenol altered the effect of the cardiopl egic 

agent and the perfusate , though its damaging effect on tissue 

is well known . It may be that the phenol in the cardioplegic 

and perfusate damaged the protein of the cel l membrane, so that 

on reperfusion integrity was lost, a llowing fluid to enter the 

cells . 
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Any weight gain during reperfusion , even 1 or 2% , appeared 

to be a sign of inadequate preservation . 

Orthotopic transplantation of 8 baboon hearts similarly pre­

served in the 0 . 5% "phenol " solution resulted in myocardial 

failure and none of the animals were able to support the 

circulatory load following discontinuation of cardiopulmonary 

bypass . 

The final experiment of autotransplantation confirmed success­

ful preservation . In these experiments the long- term effect 

of perfusion preservation on an organ was determined by avoi ­

ding the intervention of rejection . The performance of these 

hearts was a true reflection of the preservation . 

With confidence in the portable system (confirmed above) the 

project of preservation of human hearts for heterotopic 

transplantation was embarked upon . 
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HAEMODYNAMIC PERFORMANCE ON FUNCTIONAL TESTING FOLLOWING HYPOTHERMIC 

PERFUSION USING PERFUSATES WITH DIFFERENT PROCAINE PRESERVATIVES 

CARDIAC OUTPUT 
(t/min) 

CORONARY FLOW 
(mt/min) 

STROKE VOLUME 
(mt /beat) 

LEFT VENTRICULAR 
PRESSURE (mm Hg) 

LEFT VENT RI CUL AR 
ENO-DIASTOLIC 
PRESSURE (mm Hg) 

MYOCARDIAL OXYGEN 

PROCAINE HCL IN 
0.1 % CHLORO-CRESOL 

(n=lO) 

2.5 (0.09) 

362 (30.88) 

17.3 (0.74) 

114 (3.11) 

4.8 ( l . 05) 

UPTAKE (mmol/h/g) l .74 (0.24) 

PROCAINE HCL IN 
0.5% PHENOL 

(n=lO) 

1.6 (0.34) 

312 (40.20) 

13 .8 (2.50) 

l 07 (3.62) 

8.3 (1.41) 

l.99 (0.22) 

NS = not statistically signficant (P>0.05) 

Figures in brackets denote standard error (SE~) 

TABLE 11. 9 . 8 

STATISTICAL 
COMPARISON A,: B 

P< 0 .05 

NS 

NS 

NS 

NS 

NS 
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CHAPTER 12 

CLINICAL CARDIAC TRANSPLANTATION FOLLOWING STORAGE OF THE 

DONOR HEART BY A PORTABLE HYPOTHERMIC PERFUSION SYSTEM 

12. INTRODUCTION 

On 2 . 12 . 67 the first human - to- human heart transplantat i on 

was performed at Groote Schuur Hospital , Cape Town . By 

2 . 12.81, 57 heart transplants had been carried out at our 

instituLion . 

In four cases Lhe donor heart was excised and stored by con­

tinuous hypothermic perfusion before being transplanted , the 

periods of ischaemia ranging from 6 hrs 55 mins to 16 hrs 50 

mins (table 12 . 1) . This al lowed time for tissue typing, 

lymphocytotoxic cross matching , transportation of the donor 

heart to the recipient hospital when necessary , and prepara­

tion of the recipient . 

Neither preservation of the donor heart for periods in excess 

of approximately 24 hours nor the use of continuous hypothermi c 

perfusion as a method of preservation appea r to have been re­

ported previously in the clinical situation . 

12 . 1.1 . DONOR HEART EXCISION 

All four hearts were remov ed from brain- dead , ventilated donors 

in whom the heart was still beating at the time of excision . 

The donor chest was opened under sterile conditions by median 

sternotomy . The pericardium was opened longitudinally . The 

s uperior vena cava (SVC ) azygos vein , inferior vena cava (IVC ) 

and aortic arch were mobilised . 
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(Renal transplant surgeons then mobilised , but did not yet 

excise , both kidneys). Heparin was given (20 , 000 unit s i . v . ) . 

Th e azygos vein was doubly ligated and divided . The SVC was 

doubly ligated as far cephalad as possible and divided . A 

large needle , attached by sterile tubing to a litre bag con­

taining cold (4 °C) c2 
(table 2 . 1) ca rdiopl egi c agent was in­

serted into the ascending aorta . The IVC was c lamped at the 

diaphragm and divided centrally . The arch of the aorta was 

clamped at the origin of the innominate a r te ry . 

One litre of cold cardioplegic agent was then infused rapidly 

i nto the root of the aorta , retrogradely perfusing the coro­

nary arteries . This t ook approximately 47 - 75 seconds (mean 

60 secs) . At the same time cold (4°C) normal saline was 

poured over the hear t to fill the pericardial cavity and cool 

he heart externally . (During this period of cooling excision 

of the kidneys was completed) . 

The heart was then excised , immersed in a bowl of c2 
cardio­

plegic agent (at 4° C) whi l e two strong purse string sutures 

252 

were placed around the distal ascendi ng aor ta and then trans­

ferred to the perfusion apparatus and suspended from it by means 

of the two sutures . The time interval between aortic cross 

clamping and the initiation of perfusion ranged from 23 to 

30 minutes with a mean of 27 minutes . 

12. 1. 2 . HETEROTOPIC TRANSPLANTATION 

When the results of tissue typing and lymphocytoxi c cross matc ­

hing were known, and wh en the heart had been transported to 

Groote Schuur Hospi ta l (when necessary) and the potential 



recipient prepared for operation, the recipient procedure 

was begun . Heterotopic transplantation was performed in 

all four cases . The operative technique has been described 

previously (Barnard and Losman 1975) and involved anastomo­

ses between donor and recipient left atria , right atria and 

superior vena cavae, aorta and pulmonary arteries ; this 

final anastomosis necessitating the insertion of a pros­

thetic graft . 

Perfusion of the donor heart was maintained until the reci ­

pient was being supported on cardiopulmonary bypass and the 

right chest had been prepared to receive the transpl an t. 

After removal from the perfusion apparatus , the donor heart 

was immersed in cold (4°C) normal saline whilst the orifices 

of the IVC and both right pulmonary veins were closed by con­

tinuous suture . The heart was then placed in the right chest 

of the recipient and the anastomoses with the recipient heart 

carried out . Cold saline (4°C) was poured over the donor 

heart at 20 minute intervals throughout the operation until 

the restitution of myocardial perfusion with the recipient 

blood followed completion of the aortic anastomosis . 

12 . 1. 3 . OBSERVATIONS DURING HYPOTHERMIC PERFUSION 

Initial coronary flow was variable (table 12 . 1) . There was 

a slight reduction in cor ona ry flow in all cases throughout 

the period of perfusion, with a mean percentage fall of 13 . 4% . 

12 . 1. 4. CASE HISTORIES 
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Four recipients have received donor hearts stored by continuous 

hypothermic perfusions . 



All four received immunosuppression consisting of azathioprine , 

methyl prednisolone and rabbit antithymocyte globulin (Barnard 

et al 1981) . Three patients received a low- dose steroid 

r egime (32 mg/day ), the fourth patient r eceiving an initial 

64 mg/day which was reduced steadily t o 30 mg/day by three 

months . 

Case 1 

The first patient received a donor heart which had been isc­

haemic for a total period of 12 hrs and 50 mins . It began 

beating spontaneously wh en reperfused with blood initially 

in 2 : 1 atrio ventricular block but , after a small bolus if 

i . v . adrenalin , reverted to sinus rhythm whi ch was mainta ined . 

Its output was poor . However , the patient, after the discon­

tinua tion of cardiopulmonary bypass was being supported large­

ly by his own heart , whi ch required very considerable inotropic 

support consisting of isoprenaline and adrenaline . An externa l 

pul se trace of the femoral pulse carried out soon after the 

pat ient ' s return to the in t ensive care unit , showed much grea­

ter pulsation following ejec tion by the r ecipient heart than 

by the donor hea r t . There were no ECG signs of ischaemic 

damage . Though we were able to slowly reduce the inotropic 

support during the next f ew hours , donor heart function showed 

l ittle ·mprovement although sinus rhythm was ma intained ; there 

were no episodes of dysrhythmj a . Nineteen hours after reper­

fu sion of the dono r heart had begun , there was a rapid improve­

ment in donor heart function, for which no obvious reason was 

apparent . 
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Over the course of the next three hours , donor heart ejection 

increased dramatically unt il it was c learly the major support 

of the circulation ; mean arterial pressure increased f r om 50 

to 75 mm Hg . Twelve hours later the donor heart had taken 

over the circulation virtually entirely . 

Though this patient has subsequently undergone three major 

r e j ection episodes in four months, the donor heart cont i nues 

to function satisfactorily . Recent haemodynamic data ob­

tained at cardiac catheterisation , and a recent endomyocar­

dial biopsy, show no late signs of ischaemic damage . 

Case 2 . 

Donor heart function deteriorated rapidly during the minutes 

before excision , the mean arterial pressure falling to 25 mm 

Hg despite fluid and inotropic support (dobutamine) . The 

donor hearts total ischaemic period was 8 hours 7 minutes . 

On reperfusion spontaneous beats occurred , again initially in 

2 : 1 block , and were reverted to sinus rhythm by the admin ist ra­

tion of adrenalin . Once again initial output was poor , the 

recipient heart providing the major support of the circulation, 

although the donor heart was ejecting moderately well . Sub­

stantial inotropic support was required . The two hearts 

shared s upport of the circulation for some 20 hours, by whi ch 

time the pulse trace showed the donor heart to be dominant . 

Despite initial poor function , there were no ECG signs of 

ischaemic damage . 
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After four ma jor rejection episodes requiring massive immuno­

suppress iv P therapy , donor heart fun c tion remains satisfac­

tory , the patient showing no signs of low cardiac output . 

Histol ogical examination of biopsies show evidence of con­

tinuir1c ~c ute rejection but no 3ignificant late features of 

ischaemic damage . 

(Thi s patient has , however, developed toxoplasmosis , for 

which he is receiving specific therapy ; we have serological 

evidence that confirms that this was transferred from the 

donor) . 

Case 3 . 

This paLient, an American with cardiomyopathy , had developed 

strong multi - specific antibodies against T lymphocytes after 

rejection at five weeks after a first heterotopic transpl ant 

in 1979 . The donor heart was excised and the patient survived 

on his own heart though he maintained extremely limited exer­

cise tolerance and required considerable antifailure therapy . 

These antibodjes disappeared after 29 months. A test trans­

fusion of one unit of whole blood was associated with the re ­

turn of strong lymphocytotoxic antibodies to T cells (to 98% 
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of a panel) . Two months later, however , a donor became 

availab l e in Port Elizabeth, some 750 kms from Cape Town . The 

heart whilst being perfused, was flown to Groote Schuur Hospital 

and stored whilst T cell lymphocytotoxic crossmatch was perfor­

med . This proved negative at all temperatures , though the B 

cell cross-match was strongly positive at all temperatures . 



The operation proved difficult due to adhesions and a degree 

of fixity of the right lung and recipient heart , limiting 

exposure , and the ischaemic time of the donor hear t during 

insertion (110 mins) was almost twice as long as usual . 

Total ischaemic time of the donor heart was 16 hours 50 mins . 

The donor heart started beating spontaneously and stabilised 

in sinus rhythm , though , as in the previous cases , output 

was poor, the patient requiring considerable inotropic sup­

port . There were no ECG signs of ischaemic damage to the 

donor heart . Some improvement occurred during the first 48 

ho rs , Lliough L11 e donor hearl at no Lime took over fu ll re­

sponsibility for the circulation . Signs of acute rejection 

then became apparent (rising wh ite blood count , rise in T 

cell rosettes , fall in ORS voltage on the ECG) and by the 

fifth day, despite increased therapy , donor heart function 

had censed a JtogeL he r . Th is was confi rmed by cardiocatheteri ­

sation and angiography ; a myocardial biopsy showed severe 

acute rejection . At this stage the recipients serum demon ­

strated a very strongl y lymphocytotoxic antibody against donor 

T cells from stored donor spleen . Immunosuppression was dis ­

continued, the heart was subsequently excised and the pat ient 

survives once again on his own heart with the help of an atrio 

ventricular sequen tial pacemaker fo r sinus bradycardia . 

Case 4 

The patient , an Italian, rec e ived a donor heart which had been 

ischaemic for 6 hours 55 minutes . After electrica l defibril ­

lation, sinus rhythm ensued ; i mmedia t e function was excellent , 

the donor heart taking over r esponsibi lity f or the circulation 

without difficulty . 
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Minimal initial inotropic support was required . The patient 

suffered no major rejection episodes and donor heart func ­

tion r emains excellent after three months . An endomyocar­

dial biopsy shows minimal features of acute rejection with 

no other abnormality . 

12 . 1. 5 . DISCUSSION AND CONCLUSION 

The donor heart in Case would clearly have been unable to 

support the ci r culation in i tially if orthotopic transpl anta­

tion had been performed . The patient reli ed heavily on his 

own heart nnd ve ry considerable inotropic support during the 

first 19 post - operaLive hours . During this period our only 

encouragement thaL Lhis heart was not irreversibly damaged 

was the f~ c t LhoL it contjnued throughout in sinus rhythm ; 

it seemed likely that severe , irreversible ischaemic damage 

would have been associated with rhythm or conduction disor­

ders . The dramatic recovery of this heart over a period of 

three hours some 19 hours after coronary reperfusion was be­

gun canno be compl etely explained . The donor in this case , 

however , had been su pported for several hours by a dopamine 

infusion , and there is evidence that high doses of dopamine 

lead to depletion of intramyoca r dial catecholamine reserves 

(Leier et al 1978) . We have subsequently confirmed poor 

fun c tion afte r storage of pig hearts taken from animals pre­

treated f or four hours with a dopamine infusion . It seems 

likely, therefore, that this heart may have requi r ed a per i od 

of recovery following transplantation , while its catecholamine 

reserves were replenished ; the period of recovery may have 

been prolonged by the further use of dopamine in t he immediat e 

post - operative period . 
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We have also noted this need for a recovery pe riod in hearts , 

stored simply for 2 - 3 hours in cold cardioplegic solution , 

which had been taken from donors wh o had recei ved dopamine 

support . We have subsequently tried to avoid the use of 

dopamine in the potential donor . 

The donor in Case 2 did not receive dopamine and the initial 

poor func tion was attributed to excessive constrictive sup­

port gi ven at a time when it was not required . In our exten­

sive animal studies , immediate function of baboon hearts 

after 20 - 24 hours hypothermi c perfusion has been good , and 

orthotopically transplanted hearts have had no difficulty 

in supporting the ci r culation with only minimal inotropic 

support during t he initial t wo hours (see section 10 . 4 . 3) . 

There is a considerab l e diffe r ence in donor status between 

a healthy , freshly a nae th e tised baboon and a c linically 

brain- dead donor with diabetes insipidus who is receiving 

various pharmacological agents suc h as inotropes and possi ­

bly vasopressin . The many factors whi ch migh t influence 

subsequent dono r heart function clearly require clarifica­

tion . 

We remain uncertain as to the extent of recovery which might 

have occurred in t he donor heart in Case 3 . This patient 

developed strong antibodies soon after transplantation and 

donor heart function was almost certainly being affected by 

severe , acute rejection at an ea rly stage . Following our 

experience in Cases 1 and 2 , we were encouraged to believe 

that full functional recovery of the donor heart was possible, 

for at no time was there any dysrhythmia or conduction abnor­

mality . 
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Full recovery did not take place, however, and we remain in 

doubt as to the relative effects of storage , the long period 

required for insertion during wh ich the heart was protected 

only by intermittent cold saline, and of early severe re ­

jection . 

In Case 4, storage was unquestionably successful , though the 

storage time was relatively short . 

The effect of storage on the long- term fun ction of these 

hearts remains uncertain , but we are encouraged by the con­

tinued good function after periods of 2 - 5 months of the 

hearts in Cases l J 2 and 4 despite several severe rejection 

episodes in two patients . 

The slight reduction in coronary flow observed during the 

period of hypothermic perfusion in all four cases are in 

agreement with our observation in experimental animals . A 

reduction in coronary flow of more than approximately 50% 

would be regarded as a rather poor prognostic sign , as in 

our experience this can , though not always , suggest inade­

quate preservation. 

Fu rther attention clearly needs to be paid to the effects of 

the several insults received by the hearts in brain- dead 

patients, particularly if these are to be followed by long 

periods of storage . We have , however , been sufficiently en­

couraged by this initial experience to continue our use of 

this storage system in the immediate future, particularly as 

it will enable us to obtain donor hearts throughout South 

Africa or even abroad, and Lhus helps solve the chronic 

problem of donor supply . 
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13 

CHAPTER 13 

EVALUATION OF PROGRESS 

SCIENTIFIC MESSAGE 

An important feature of this work has been the achievement of 

successful 24 storage of the heart , an accomplishment which 

has not been achieved previously. The combined effect of 

ca rdi op l egic arrest, hypoth e rmia and th e perfusate were 

responsibl e for adequa t e preservation over the 24 hour period . 

This thesis does not claim formula tion of an ideal perfusate 

for 24 hours hypothermic perfusion of the heart because that 

would require numerous tests reaching far beyond the scope of 

this presentation . Various tests were ca rried out to evaluate 

both the extent of myoca rdial injury and the intracellul ar site 

of damage following perfusion . The former included physiolog-

ical measurements , microscopy , fun c tional and biochemical 

evaluation and orthotopic transplantation, whereas the latter 

included detailed biochemical analysis . By suitable deductions 

from the above determi nati ons , modifi cation to the perfusate 

wa s made , with improved function anticipated . By careful 

selection of c hemicals and drugs a perfusate evolved which 

maintained myocardial viability for 24 hours under specific 

conditions of hypothermia and perfusion . 

Oedema formation appeared throughout the experiments in 

chapters 1 to 8, and being unable to prevent it , a new approach 

was adopted ; this approach was based on an hypothesis that 

progressive oedema formation would dilute intracellular 

constituents of the myocardium, protecting against increasing 

concentrations of calcium caused by either passive flux or 

calcium redistribution . The diluting effect would reduce the 
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concentration of toxic metabolic end products and also maintain 

a relatively constant acid - base balance . The ne t effect would 

be Lhe µr~vention of e nhanced resting myocardial tension and 

ene rgy conservation for later use at the time of warm blood re ­

perfusion . The hypothesis was indirectly tested by inducing 

myocardial fluid retenti on by the addition of small osmotically 

active mo l t!cu l es (chr1 pters 9 , 10 and 11) that could easily diffuse 

into myocardia l tissues during preservation and similarly diffuse 

from the lisstH:S at the time of warm blood reperfusion . An 80% 

gain in hea rt weight result ed , which was associated with 

excellen subsequenl myoca rdial function, both on in vitro 

functi0!1cl_l evaJ uation and following orthotopic transplantation . 

The imporlan~e of lhe chemical consli tuents of the perfusate have 

been discussed in the preceding cha pters, but some essential 

constituenls require further empha~is . 

1 . Verapamil : a constituent of t he cardioplegic solution 

(C2) that brought about the significant increase in 

coronary flow a fter 24 hours preservation . The development 

of enhanced resting ~yocardial tension was also absent 

following the use of this drug. 

2 . Taurine : an ami no acid that dramatically lowe red the 

release of LOH into the perfusate . 

3 . Chlorpromazine and Phenoxybenzamine : evaluation of these 

drugs in pilot studies showed that they were able to 

further improve myocardial protection . Chlorpromazine 

has vasodilator properties and numerous metabolic 

inhibitory e ffects (sec tion 8 .1. 1) that conserve both 

structural integrity and myoca rdial energy r eserves . 
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Phenoxybenzamine has similar stabilizi ng effects as well 

as vasodilator properties . 

4 . Osmotica] J y aLtive molec ule~, : these inc lude gl ucose , sucrose 

glycerol , and phosphate and sulphate anions . The combined 

effect of these molecul es in the perfusate resulted in the 

inc reased oedema formation . The hypothesis further 

required that these mol ecules be able to rapidly diffuse 

from the myocardia l tissue at the onset of reperfusion , 

with subsequent reduction in the degree of oedema . 

13 . 1 UNSOLVED PROBLEMS STEMMING FROM THIS THESIS 

1. Hypothermia 

264 

Most methods of preservation resort to the use of hypothermia 

to reduce or inhibit metabolic activities. Although effec t ive 

in most cases , hypothe rmia changes the entire metabolic 

status of the issues and these changes (physiological 

and biochemical) need furth er inves tigation. 

2 . Pt:rfusjon 

The superiority of hypothermic perfusion over simple ice 

storage has been obtained both from the literature and 

con f irmed by experimentation in this dissertation . However , 

perfusion is a more compl ex method of preservation, and 

simple ice storage , if successful, would be easier , cheaper 

and less problematic . Further work on simple ice storage 

is indi cated. 

3 . E.!:!_ 

The ideal pH for hypothermic preservation has not been 

establi shed . Some investigators believe in e levated pH 

levels to support further metabolic activity , whereas 

others reduc ~ pH levels to inhibit metabolic activities . 

This problem requires clarification . 



4 . Oxygenation 

Oxygenation of perfusate is still controversial and more 

definitive experiments are required to finally answer this 

question . The knowledge that kidneys can be stored in ice 

for 48 hours without oxygenation or aeration suggests that 

oxygen may be unnecessary . Pilot studies in our laboratory 

showed no functional difference between aeration and oxygen ­

ation of the per· 1Jsate . 

5 . Oedema Formation 

Oedema formation has hitherto been considered damaging to 

tissue viablliLy . In the final preservation solution 

presented in this dissertation, oedema formation wa s 

considerable , yet function excellent . It has not been 

conclusively proved th;:it lhe presence of reversible oedema 

during the preservation period is , in fact, beneficial to 

presi·rv,1t ion . The myocr1rrlium m;:iy fun c tion equally well with 

less or no oedema . 

6 . Perfusion Solution 

Optimizing of LOnstltuenls is required by performing dose­

response curves ; further additions or e liminati ons may be 

necess;:iry . For example , phosphale buffering may be superior 

to bicarbonate buffering . 

7 . Bra.in - death 

Hears removed frcrn healthy baboons under ideal conditions 

and preserved for 24 hours by hypothermic perfusion always 

functioned l~medlalely . In four clinical cases of heart s 

removed from brain- death patients , immediate post trans­

planlaLion function was, however, on ly observed in one case , 

with delayed fun c tion observed in the remaining three 

patients . It therefore seems likely that myocardial damage 
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13 . 1. 2 

was sustained before excision of the donor heart and that 

the organ required a period of recovery . This observation 

may demand further perfusate changes with the aim of prevent­

ing injury or assisting recovery . For example , the addition 

of myocardial substrates , both for energy production 

(glutamate) and DNA synthesis (ribose) , may be of value . 

8 . Air Transit of the Portable Preservation Unit 

The pumping action of the portable unit was dependent upon 

the envjronmental pressure, Lhus changes in cabi n pressure 

and altitude altered subsequent pump volume output . The 

apparatus therefore r equir< furth er modification suc h that 

the pumping action ls completely independent of pressure 

changes . 

SUMMARY OF HYPOTHESF.S TESTED 

266 

The table below ( tab l e 13 . 1) out lines the hypotheses tested in 

this experjmental work , ma i nly related to the perfusate , but also 

reJa jng to :- (1) hypothermia , and (2) perfusion , as methods of 

preservation, (1) functional testing as a means of predicting 

subsequent card i ac performance following orthotopic transplantation , 

and (4) whether biochemical tests of myocardial viability correl ­

ated well with functional testing and orthotopic transplantation . 

Although this thes is reports some progress in the field of organ 

preservation , it is c l ear that there are many problEmS which 

require further investigation . 
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APPENDIX 1 

THE MITOCHONDRION 

The mitochondrion is a membrane bound organelle that lies free 

within the cytoplasmic matrix . Its most important functions 

are providing the c~ll with widely used energy compounds, ade­

nosine triphosphate (ATP) and controlling the level of calcium 

ions in the cytoplasmic matrix. In cultured cells observed 

with phase contrast optics the mitochondria are seen to be 

acti vely mobil e and display a perpetual wringling and twisting 

motion . However, in cel ls with a high degree of internal or­

ganisation such as striated muscle and distal convoluted tubule 

of the nephron they tend to be restricted within cytoplasmic 

compartments immediately adjacent to the site of high energy 

demands . 

Mitochondr· ia vary in s hape from spherical to thread- like forms . 

The internal organisation consists of two inner compartment 

separated by a con voluted inner mambrane, called the cristae . 

The density of a cristae within a cel l reflects the overall 

energy demand of the cell. For example , in cardiac musc l e the 

ATP requirement for myofibrillar contraction is high , the cris­

tae are large and closely packed . The outer mitochondria l mem­

brane whi ch forms the boundary to the intra mitochondrial matrix 

is particularly impermeable . The transport of ions across this 

inner barrier thus r eq uires specific energy dependent mechanisms . 

The i ntra mitochondrial matrix , which lies within the inner mito­

chondrial membrane usually has fine fibrillar structure and also 

contai ns variable numbers of dense so- called intramitochondrial 

particules . The matrix also contains ribosomes and fine strands 

of DNA . 
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Muscle cells obtain the major component of their energy require­

ments via respiration , the transfer of electrons from organic 

fuel molecules to molecular oxygen . The rest of respiration in 

the cell is the mitochondrion which contains the enzymes and co­

factors required for the tricarboxylic acid (TCA) cycle . Pairs 

of electrons derived from the intermediates of the TCA cycle 

flow down a complex chain of electron- carrier enzymes of success­

fully lower energy lev 1 until they reduce molecular oxygen, the 

final acceptor . During this process the free energy of the elec­

tron is conversed in the form . of the phosphate- bond energy of ATP. 

The exact mechanism of oxidative phosphorylation is a subject of 

much controversy (Boyer et al 1977). The most plausible explana­

tion has been given by Mitchell (1979) in whi ch he postulates 

that a chemi - osmotic proton gradient generated by the active trans­

port of protons across the inner mitochondrial membrane by the 

F
1

ATP synthase with the concommitant synthesis of ATP . As 

these processed are vectorial the requirements for an intact 

membrane system is essential . 
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APPENDIX 2 

DYNAMICS AND ADVANTAGES OF THE MODIFIED FUNCTIONAL TESTING APPARATUS 

The funct ional testing apparatus was modified with the intention 

of subjecting the working heart to a more physiological state 

than hearts tested in an earlier series of this study . The 

plastic tubing of the apparatus was rigid and only the windkes­

sel was compliant . There was negligibl e elasticity in the cir­

cuit as the compliance was extremely low due to the rigid poly­

vinyl chloride tubing (figure 2 . 5) . 

In a series of pilot experiments , use was made of a mechanical 

pump with an adjustable stroke volume to evaluate the elastic re­

sponse of various balloons. The balloon was used to mimic the 

elasticity (Elastance) of an aorta . For control values a pig ' s 

ascending aorta (12 ems long) was also evaluated . The pump was 

set at a constant rate and only the balloon and aortic pressures 

were measured after 5m£ increments in loading volume . The pres­

sures and diameters of both the balloon and aorta were measured 

(figure 1) . The ao r a and the chosen balloon had a compliance 

curve that wa simi lar . 

The non linear peripheral resistance consisted of a similar type 

and length of balloon . The balloon wa s compressed by the use of 

a cuff from a mercury manometer , exerting a constant pressure of 

73 mm Hg over the enti r e surface area of the balloon . With each 

heart beat a fixed volume of fluid would inflate the compressed 

balloon at one end extending thi s progressi vely to the other end 

after which time the balloon deflates again . 
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The advantages of the modified system were as follows : 

The balloon had an acceptable compliance curve . 

The elasticity of the a pparatus provided a better myocardial 

diastolic perfusion due to local storage of energy in the 

elastic aortic balloon . 

The aortic balloon and peripheral resistance together damped 

and prevented pressure overshoots resulting from the rigid ex 

vivo circuit . 

Massage of the balloon provided sufficient pressure to the heart 

during Langendorff perfusion , if the perfusor pig was unable to 

maintain the pressure of the circuit . 
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APPENDIX 3 

The lysosomal experimental procedures are discussed in detail 

in the text. These individual observations below (raw data ) 

are given in order to clarify any conceptual complications 

arising fr om the text . 

The total free acid phosphatase activity of each fraction was 

calculated by multiplying the measured optical density by the 

respective dilulion factor . 

The protein concentration of every sample in each fraction was 

then determined and the acid phosphatase activity expressed as 

activity/mg protein . (Tables 1, 2 and 3) . From these activi ­

ties the mean value was determined and subsequently used in the 

text. ( Chapters 7 and 10) . 
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APPENDIX 4 

In order to briefly assess various perfusate constituents, screening tests 

·were performed on preserved hearts using 2 hearts in each group. 

The parameter measured was cardiac output , and the hearts preserved in the 

solution yielding the highest cardiac output were suggestive of which per­

fusate to choose for future preservation and possible further modification . 
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SOLUTION MODIFICATION (Addition or removal) n Cardiac Output 

2 2mM taurine 2 539 

4mM t aurine 2 588 

6 OmM calcium 2 -
2 . 25mM calc ium 2 1655 

1. lOmM calc ium 2 1729 

Og/L chl orproma zi ne 2 1995 

.005g/L chlorpromazine 2 24 19 

. 020g/L chlorpromazine 2 1965 
' 

Og/L Phenoxybenzamine 2 2396 

O. Olg /L Phenoxybenzamine 2 2653 

0.02g/L Phenoxybenzamine 2 2447 

7 136mM Glycerol 2 2789 

272mM Glycerol 2 2625 

.,,. 
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