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ABSTRACT 

Heart transplantation is, for certain types of 

cardiovascular disease, the only form of treatment 

resulting in patient survival. Its clinical application 

is, however, limited by the shortage of donor organs. This 

shortage is largely due to the inability to consistently 

preserve adequate myocardial function over prolonged 

ischemic periods. It is the goal of this research to 

provide information which may contribute to techniques for 

heart preservation, thus improving graft survival following 

preservation and transplantation. 

Current methods for myocardial preservation generally 

involve the arrest and immersion of the heart in cold 

cardioplegic solution, the composition of which is designed 

to provide for the reduced metabolic demands of the cold, 

arrested muscle. These methods have extended the 

preservation period to approximately 6 hours; however, 

hearts cannot be held longer than this period because, 

although metabolism has been slowed by hypothermia, 

alterations take place which compromise functional recovery 

upon reperfusion. A variety of perfusates and perfusion 

techniques have been developed to protect the myocardium 

from the damage thought to occur as a consequence of 

ischemic storage of the isolated heart. However, a 
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consistently successful technique for long-term 

preservation of the heart remains undefined. 

A growing body of knowledge has led to the hypothesis 

that injury to the microcirculation may result in 

myocardial ischemia during preservation and decreased 

contractile function following preservation. To test this 

hypothesis, standard Langendorff techniques for the 

measurement of left ventricular function were combined with 

biochemical, histological and morphological techniques to 

determine: 1) whether loss of microvascular function occurs 

in isolated hearts hypothermically perfused with an 

oxygenated solution; 2) the impact of microvascular 

dysfunction during the preservation period on the 

functional recovery of hearts; and 3) which mechanisms 

contribute to decreased microvascular function during 

preservation. This experimental approach will allow for 

characterization of the role of the microvasculature in 

decreased contractility of preserved hearts and will 

provide information regarding the contribution of specific 

mechanisms to the compromised contractility of preserved 

hearts. Systematic evaluation of mechanisms thought to be 

responsible for decreased contractility of isolated hearts 

could contribute to improved myocardial preservation 

techniques that can be applied to clinical transplantation. 
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CHAPTER 1 

INTRODUCTION 

Current strategy for Preservation of Human Heart Prior to 

Transplantatioll 

The continued success in clinical heart transplantation 

has created a need for extended preservation periods for 

donor organs. It has been demonstrated that simply 

arresting and hypothermically storing the heart in a 

cardioplegic solution for a maximum of approximate1y six 

hours will result in the recovery of a sufficient level of 

contractile function to support a recipient's circulation 

upon transplantation17 ,22,36. This time-frame is, however, 

inadequate for the field of heart transplantation due to 

limited availability and optimal cross-matching of donor 

hearts to recipients. Additionally, ongoing metabolism, in 

combination with inadequate provision of 02 and substrates 

may result in ischemic damage during the preservation 

period which precludes the long-term survival of the 

recipient36 • 
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Ischemic Iniu~ - Myocardium 

Myocardial ischemia occurs when a deficiency in the 

supply of oxygen and other nutrients to the tissue develops 

as the result of inadequate coronary blood flow. 

Normothermic ischemia involving the total deprivation of 

blood flow to a portion of the heart results in 

irreversible necrosis in the dog within 45 - 60 minutes62 . 

However, it has been demonstrated that when cardioplegic 

solutions with high potassium content are infused at low

temperatures (4° - 5° C), cardiac contractile activity is 

immediately inhibited, which prevents ti~sue damage during 

the early stages of ischemia32 • Despite the protection 

afforded by high-potassium, low-temperature arrest and 

storage, preservation periods of greater than approximately 

6 hours have not been used clinically, due to ischemic 

damage inherent in the statically stored heart. 

Regional and global cardiac ischemia at 37° C is 

characterized by an immediate decrease in contractility of 

the myocardiumlO ,68,76. Alterations in contractile 

function which occur early in an ischemic event are 

eventually reversible upon re-establishment of adequate 

blood flow; however, the duration of impaired function may 

be prolonged. This post-ischemic depression of ventricular 
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function has been defined as myocardial 'stunning,lO, and 

is characterized by abnormal ultrastructure and decreases 

in high-energy phosphates and mechanical function. Precise 

mechanisms for the alterations in the immediate and 

prolonged loss of contractile function have yet to be 

defined. 

Several possibilities could explain the observed 

decrease in myocardial contractility resulting from 

ischemic exposure, including pH dependent decreases in the 

velocity of ca++ uptake by the sarcoplasmic reticulum37 ,76, 

and a reduction in the amount of the ca++ from either the 

sarcolemma, sarcoplasmic reticulum, or bothlO , the latter 

resulting in decreased interaction of Ca++ with the 

contractile proteins. It has also been hypothesized that 

the competition of accumulating protons with Ca++ for 

receptors on the regulatory protein troponin contributes to 

decreased ventricular function with ischemialO ,36,37. In 

addition to' the possible role played by increased 

intracellular [H+] in the immediate decrease in myocardial 

contractility with ischemia, minor reductions in ATP may be 

importantlO • It is possible that localized deficiencies in 

[ATP] in areas critical to the maintenance of normal 

contractile function, e.g., the sarcoplasmic reticulum 

and/or sarcolemma, may contribute to decreased 
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contractility in the ischemic segment despite measurements 

of overall intracellular concentrations which are normal10 • 

In the early stages of normothermic ischemia, glucose 

uptake is enhanced, and the uptake of free fatty acids (the 

major fuel of the normal myocardium) falls in proportion to 

the fall in oxygen uptake62 • Energy metabolism is shifted 

from the oxidative phosphorylation of fatty acids to the 

oxidative metabolism of glucose in the case of moderate 

ischemia62 • However, as ischemia becomes more severe, the 

myocardium becomes dependent upon anaerobic metabolism to 

meet energy demands. Conversion from oxidative to 

anaerobic metabolism results in the accumulation of lactate 

and hydrogen ions, resulting in the inhibition of the 

glycolytic process10 ,32,36,62,72. Alterations in 

myocardial function up to this point remain reversible; the 

transition between reversibility and irreversibility is 

generally defined as when plasma membrane damage 

occurs10 ,36,62,76. 

Irreversible membrane damage occurs with the activation 

of lipid peroxidation (LPO) (via the incomplete reduction 

of O2 at the mitochondrial electron transport chain), 

phospholipases and lipases (via LPO and the excesses of 

Ca++ in the sarcoplasm)54. sustained ischemia results in 
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reduced energy stores which results in the inhibition of 

ATP-dependent cationic pumps and the accumulation of Ca++ 

in the sarcoplasm39 • The detergent-like action of fatty 

acids, combined with inhibition of ATP-dependent cationic 

pumps and the activation of phospholipases, lipases and LPO 

are thought to be responsible for continued excesses of 

ca++ in the sarcoplasm, which give rise to myofibrillar 

contracture, and activation of proteases and mitochondrial 

phospholipases. The end result is the irreversible damage 

of the plasma membrane and contractile structure of the 

cell and, finally, cell deathS4 • 

Ischemic Iniury - Vasculature 

The response of the coronary vasculature to early 

ischemia is marked vasodilation mediated by increased 

intracellular adenosine60 • As the ischemic period is 

extended to 60 minutes, endothelial cell swelling and signs 

of irreversible membrane damage become evident. At this 

point, portions of the microvasculature are unable to 

support flow upon reperfusion60 • Suggested mechanisms for 

this no-reflow phenomenon include collapse of the 

microvasculature due to intra- and extra-cellular edema and 

contracture of myocytes36 ,S2,S3,60, erythrocyte plugging60 

and plugging by leukocytes 23 ,24,Sl,7S. Damage to the 
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microvasculature progresses as the ischemic period is 

prolonged, until, at approximately four hours of ischemia, 

stenosis of the vessels by debris and endothelial cell 

protrusions, disruption of the capillary linings resulting 

from hemorrhage upon reperfusion, and pronounced collapse 

of the microvasculature are observed60 • The area of the 

tissue which cannot be reperfused due to no-reflow is 

expanded as the duration of ischemia is increased, 

resulting in continued ischemia of the tissue despite 

reperfusion. These degenerative alterations in the 

microcirculation further contribute to the functional 

incompetency of the myocardium following the ischemic 

period. 

Ischemic Injury - Protection strategies 

It is apparent that, if a heart is to be maintained 

outside the body, it must be protected from the potentially 

lethal effects of ischemia. Commonly used strategies 

designed to circumvent the ischemic damage sustained by 

isolated hearts include: 1) static storage in a solution 

designed to inhibit the effects of ischemic 

storage40 ,43,55,59,63,7S; 2) intermittent perfusion of 

isolated hearts with a preservation solutionS; or 3) 

arresting, cooling and supplying isolated hearts with 
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various nutrients and oxygen throughout the preservation 

period via an oxygenated, re-circulated perfusate3- 5 ,12,13, 

19,34,35,42,56,64-66,77,78. (Results of experimental 

interventions which were examined in these studies are 

summarized in Table 1). Many different perfusates and a 

variety of perfusion techniques have been tested in 

experiments which have resulted in the successful 

transplantation of a limited number of canine hearts 

following 24 and 72 hours of preservation19 ,66. 

Hypothermic, perfused preservation techniques have resulted 

in success as measured by minimal alterations in myocardial 

ultrastructure3 ,34,64, return of systolic pressures to 

control values after up to 48 hours 34 , and normal 

electrical activity in hearts following preservation 

periods as long as 96 hours66. This is in direct contrast 

to the condition of hearts stored in the absence of flow 

and/or 02 for extended periods. These hearts are non

compliant, shrunken, and incapable of developing measurable 

systolic pressure when assessed (author's unpublished 

observations). Thus, it has been demonstrated that 

research strategies designed to provide preserved hearts 

with 02 and other substrates via hypothermic perfusion have 

been effective. However, a consistentlY reproducible 

technique for successful long-term preservation "of isolated 

hearts for human transplantation remains to be defined. 
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Table 1 

SUMMARY OF MYOCARDIAL PRESERVATION STATEGIES AND RESULTS 

(compared to controls preserved in standard high K+ 

solutions, unless otherwise indicated) 

Preservation Strategy 

I. static Storage 

20 mM K+ during arrest; 

intracellular solution 

during preservation43 

PreTt wIPER, PER + DFX, 

PreTt wIPER + DFX wIPER 

+ DFX during preservation, 

DFX during preservation55 

CAT, SOD, ALO, or DFX 

during preservation59 

Results 

t [ATP], ~ [lactate], 

~ [Na+], ~ [Ca++], 

~ vascular resistance 

t LVDP, t LVdP/dt max in 

DFX groups only 

t LVDP,t LVdP/dt max, 

t LV comp w/CAT or ALO; 

t CF w/DFX; no effect 

w/SOD 
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Table 1 (continued) 

SUMMARY OF MYOCARDIAL PRESERVATION STATEGIES AND RESULTS 

(compared to controls preserved in standard high K+ 

solutions, unless otherwise indicated) 

Preservation strategy 

I. static Storage 

Preservation w/ high 

K+ solution; reperfusion 

w/SOD and CAT63 

SOD during preservation 

and reperfusion78 

SOD + CAT during preser

vation and reperfusion40 

Results 

t mVo2' t [ATP] , 

t LVdP/dtmax, t SW, 

t CF 

t LVDP, t CF, ~ platelet 

deposition 

t LVDP, t LVdP/dt, 

t CF 

II. Intermittent Perfusion During Preservation 

Acalcemic, oxygenated 

solution delivered every 

15 min during preservation8 

t [ATP] , t aortic flow 



20 

Table 1 (continued) 

SUMMARY OF MYOCARDIAL PRESERVATION STATEGIES AND RESULTS 

(compared to controls preserved in standard high K+ 

solutions, unless otherwise indicated) 

Preservation Strategy Results 

III.Continuous Perfusion During the Preservation Period 

PreTt W/AL05 

ALO and ALO + CAT 

during preservation35 

Control redox 

potential during 

preservation56 

t peak SP, t LVDP, 

t LVdP/dt max 

t tissue perfusion, 

~ [CPK] , ~ interstitial 

edema, ~ red blood cell 

extravisation, ~ altered 

muscle fibers w/ALO + CAT 

t peak SP, t SWI, 

t LVdP/dt max, ~ LVEDP 
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Table 1 (continued) 

SUMMARY OF MYOCARDIAL PRESERVATION STATEGIES AND RESULTS 

(compared to controls preserved in standard high K+ 

solutions, unless otherwise indicated) 

Preservation strategy Results 

III. continuous Perfusion During the Preservation Period 

Albumin + perfluoro

carbons during 

preservation42 

Blood + GLU, RIB, INS, 

IBU at 32° C, beating 

during preservation77 

~ [CPK], ~ [LDH] , 

~ [lactate], ~ weight 

gain, t passive 

compliance, t [PYR] 

slight ~ [ATP] , t [CPK] 

no change in [NE], [EPI], 

[DA] as compared to non

preserved controls 

Abbreviations used in Table 1: increase in value for the 

parameter following the arrow (t), decrease in value for 

the parameter following the arrow (~), wi (with), 

pretreatment (PreTt), superoxide dismutase (SOD), catalase 

(CAT), deferoxamine (DFX) , allopurinol (ALO) , peroxidase 
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(PER), ribose (RIB), glucose (GLU) , insulin (INS), 

ibuprofen (IBU) , coronary flow (CF), left ventricular 

developed pressure (LVDP), maximum first derivative LVDP 

(LVdP/dp max), systolic pressure (SP), stroke work (SW) , 

stroke work index (SWI) , left ventricular end diastolic 

pressure (LVEDP), left ventricular compliance (LV comp) , 

myocardial oxygen consumption (mV02 ), pyruvate (PYR) , 

creatine phosphokinase (CPK), lactate dehydrogenase (LDH) , 

adenosine triphosphate (ATP) , norepinephrine (NE), 

epinephrine (EPI), dopamine (DA) 
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While the results of these studies have yet to yield a 

consistently reproducible technique for the successful 

long-term preservation of isolated hearts, common 

observations reported in these studies may lead to the 

identification of the underlying mechanisms of damage which 

preclude complete functional recovery of the hearts upon 

transplantation. One such observation is that a reliable 

indicator of functional recovery is the coronary flow rate 

of the heart during, or at the end of, the preservation 

periodI3 ,l9,34,47-49,66. Burtl3 reported that the level of 

recovery of contractility in hearts preserved 24 hours 

could be predicted by the coronary resistance (coronary 

resistance = perfusion pressure/coronary flow) following 

one hour of preservation time. An average increase in 

coronary flow of 3.7% over the course of the preservation 

period was reported by Guerraty, et al. 34 in a study in 

which the function of hearts preserved 48 hours via 

continuous perfusion with an oxygenated solution was 

equivalent to that of hearts immersed in cold cardioplegia 

for 3 hours. Proctor66 stated that the coronary resistance 

during preservation was the most reliable guide to the 

viability of the hearts. And Copeland, et al. l9 noted 

that, at the end of a 24 - 26 hour preservation period, 

coronary flow per gram initial heart weight was greater in 

canine hearts which subsequently functioned well vs. those 



24 

which functioned poorly when orthotopically transplanted 

into dogs. These observations have led to the formulation 

of the hypotheses that: decreased microcirculatory 

function may result in myocardial ischemia in isolated 

hearts preserved via hypothermic perfusion; and, further, 

that such decreases in microvascular function (and 

resultant increases in myocardial ischemia) may underlie 

observed decreases in the contractility of these hearts 

upon reperfusion. If, in fact, maintenance of 

microcirculatory function during long-term myocardial 

preservation is vital to the recovery of contractility upon 

reperfusion, the identification and inhibition of 

mechanisms responsible for microvascular failure will 

provide for enhanced contractile function of donor hearts 

upon transplantation. 

Mechanism of Ischemic Injury - Inadequate Perfusion 

Pressure 

A possible mechanism for the reduction of coronary flow 

during preservation is the low pressure at which the 

perfusate is administered to the isolated hearts throughout 

the preservation period. The pressure at which these 

hearts are perfused is 18 cmH20 (approximately 13 mmHg). 

This perfusion pressure was selected in order to maintain a 
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balance of the starling forces during preservation. The 

Starling hypothesis is represented by the following 

equation6 : 

Fluid movement (ml/min) = k[(Pc + ~if) - (Pif + ~pl)] 

Where: k= filtration constant for capillary membrane 

Pc = mean capillary pressure 

Pif = interstitial fluid pressure 

~pl = plasma colloid osmotic pressure 

~if = interstitial colloid osmotic pressure 

Normally, the balance of these forces favors the net 

filtration of approximately 0.25% from the capillaries, 

much of which (approximately 90%) is reabsorbed at the 

distal ends of the capillaries. The remainder of the 

filtered fluid returns to the blood via the lymphatic 

system25 • However, if there is an imbalance in one or more 

of these forces, there will be a concomitant increase in 

the level of filtration or absorption, depending upon the 

direction of the imbalance of the starling forces. In the 

case of the preservation setting, a low hydrostatic 

pressure is provided in order to compensate for the absence 

of effective osmotic pressure in the microvasculature, thus 

minimizing edema formation. 
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The osmolarity of a typical crystalloid cardioplegia is 

350 mOsm/L. However, because the salts easily pass back 

and forth across the vessel wall, they do not contribute to 

the effective osmotic pressure differences across the 

vessel wal1 25 • The effective ~pl in preparations which 

have no colloids added is, therefore, essentially zero. In 

an effort to minimize the hydrostatic edema which would 

occur as a result of this imbalance in the Starling forces, 

the isolated hearts are perfused at a pressure-head of 

approximately 13 mmHg. This is thought to be an adequate 

perfusion pressure, as capillary hydrostatic pressures in 

resting tissues are estimated to be approximately 15 mmHg, 

with lower capillary pressures in the pulmonary circuit (10 

mmHg) and liver (7 mmHg). However, it is not known whether 

13 mnffig is, in fact, adequate for the provision of complete 

filling of the microvasculature throughout an extended 

period of hypothermic perfusion. If the perfusion pressure 

of 18 cmH20 is insufficient to provide for sufficient flow 

through the coronary vasculature during the preservation 

period, the observed decreases in coronary flow during 

preservation could at least, in part, be accounted for. 

The evaluation of the adequacy of the perfusion pressure 

for the maintenance of microvascular flow during 

preservation will establish whether insufficient perfusion 
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pressure is a mechanism for decreased microvascular 

function during preservation; identification of mechanisms 

of damage occurring as a consequence of impaired flow will 

allow for the prevention of ischemic damage regardless of 

the mechanism by which it has occurred. 

Mechanism of Ischemic Injury - Lipid Peroxidation 

Despite continuous perfusion with an oxygenated, 

substrate-containing solution, it is possible that the 

energy demands of the heart are inadequately supplied for 

during the preservation period and, consequently, the 

tissue is ischemic. If this were the case, markers of 

ischemia should be evident. One such marker is ongoing 

lipid peroxidation. To determine whether ischemia, as 

indicated by LPO was a consequence of microvascular 

dysfunction, markers of LPO were measured. 

As stated earlier, a consequence of extended ischemia 

is the activation of lipid peroxidation resulting in 

irreversible damage to the myocardial tissue and 

vasculature54 • Lipid peroxidation occurs as the result of 

the generation of free radicals. A free radical is any 

molecule with an unpaired electron. Free radicals are 

extremely reactive molecules that are generated in vivo as 
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by-products of normal metabolism29 • Endogenous defense 

systems exist which are able to protect the cells, under 

normal circumstances, from the potentially cytotoxic 

effects of free radicals. However, when these systems are 

inoperative or overwhelmed by an overabundance of free 

radical species, as occurs during an ischemic insult and 

subsequent reperfusion, the results may include edema 

formation, loss of vascular integrity, destruction of 

biological membranes, cell mutation and death. 

The superoxide radical (02·-) is the primary radical 

formed by the reduction of the dioxygen molecule 28 • 

Sources of this reduction include the autoxidation of small 

molecules such as thiols, hydroquinones, catecholamines, 

and flavin 16 ,29,50,54. A number of enzyme systems 

including aldehyde oxidase, dihydroorotate dehydrogenase, 

flavoprotein dehydrogenase, tryptophan dehydrogenase, 

galactose oxidase, and probably the most-studied of all 

free radical producing systems, xanthine oxidase, are 

capable of reducing 02 to 02·- 1,14,15,21,29,31,50,51,84-

86 Activated phagocytes are also responsible for the 

production of 02·-radicals21,29,3l, 50,51,58,74,82,85. The 

mitochondrial electron transport chain (Fig. 1) has been 

show to be a source of free radical generation during 

ischemia. 



29 

MITOCHONDRIAL ELECTRON TRANSPORT 

ROTENO~ 

GLUTAMATE 

'" 
, , , 

Figure 1. 
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Mitochondrial electron transport chain. 

Electrons are transferred from NADH to 02 through a series 

of electron carriers. Normally, formation of H20 via the 

four-electron reduction of 02 at the terminal end of the 

electron transport chain yields 36 ATP. However, during 

ischemia, the carriers become reduced, resulting in the 

incomplete reduction of the 02 dissolved in the lipid 

matrix to 02·- and H202 (Taken from Freeman28 ). 
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Normally, 02 moves through the oxidase pathway where it 

accepts four electrons and is reduced to form H20. The 

oxidase pathway is coupled with ATP synthesis, serving as 

the major energy source for the myocardium. However, when 

the oxygen supply is insufficient to provide for the 

complete four-electron reduction of 02' 02 utilization 

occurs via the oxygenase, as opposed to the oxidase, 

pathway resulting in the formation of activated oxygen 

species via acceptance of one, two, or three electrons by 

0 2
10 ,29,54. The respective products are the superoxide 

anion radical, hydrogen peroxide, and the hydroxyl radical. 

The effects of the superoxide radical include single 

strand breaks in certain DNA types, the depolymerization of 

acid polysaccharides, and the oxidation of 

catecholamines31 • 02·- is al~o thought to be responsible 

for abnormal leukocyte adhesion during inflammatory 

responses 21 , increased vascular permeability in the 

occlusion-reperfusion of skeletal muscle21 , and at least 

some types of myocardial damage 14 ,15,85. Following 

exposure to free radical generating systems, Burton, et 

al. 14 ,15 reported vascular alterations including the 

formation of vacuoles, microprojections and the 

accumulation of membranous debris in extracellular and 

vascular spaces of the cardiac septum. Alterations to the 
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cardiac myocytes, specifically, vacuole formation, dilation 

of the T-tubules, accumulation of myelin figures, 

mitochondrial disruption, and structural breaks in the 

sarcolemma were also observed. The naturally occurring 

mechanism by which cells detoxify 02·- involves spontaneous 

or enzymatic dismutation of 02·- to hydrogen peroxide 

(H20 2 ). Enzymatic dismutation of the superoxide radical is 

accomplished by superoxide dismutase (SOD), which increases 

the rate constant of spontaneous dismutation of 02·- by 

about 10 4 times. The enzyme catalase can then act to 

reduce the resultant H202 to H2 0 via the following 

reactionS7 : 

catalase, however, is inhibited by 02·-. Thus, as the 

rate of the generation of the superoxide radical increases, 

so does the concentration of H2 0 2 within the cell. 

Moreover, it has been demonstrated that H20 2 is potentially 

more toxic to living cells than is 02·- due to its longer 

half-life and ability to travel from the cell in which it 

is generated to other areas of the organ29 • 

The direct effects of hydrogen peroxide on endothelial 

cells have been examined1 ,74,84. Sublethal and cytotoxic 
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effects have been observed when cultured endothelial cells 

are exposed to reagent hydrogen peroxide l or H202 

gen~rating systems l ,74,84. Sublethal effects include 

increased K+ and nucleoside flux from the cellI; while the 

cytotoxic effects involve lysing of the endothelial cell 

membrane, as measured by SlCr release from labeled 

cellsl ,74,84. Hydrogen peroxide has also been shown to 

inhibit CUZn-superoxide dismutase29 • Data from these 

studies clearly implicate H20 2 as an important mediator of 

endothelial cell injury. The harmful effects exerted by 

H202 are not limited to the direct effects describe above, 

but include its role in the generation of the extremely 

reactive hyydroxyl radical (OH·) via the iron-catalyzed 

Haber-Weiss reactionS7 : 

Cellular consequences of OH· formation include the 

cross-linkage of cytoplasmic and membrane proteins, 

particularly those with sulfur-containing amino acids, 

e.g., tyrosine, tryptophan, and histidine, which can be 
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cross-linked into dimers or larger aggregates16 ,29, cell 

mutation and death due to DNA strand scission29 , damage to 

collagen and hyaluronic acid29 ,44, and the peroxidation of 

lipid membranes16 ,18,29,3l,50. The activation of lipid 

peroxidation during cardiac ischemia, together with the 

activation of phospholipases and the detergent-like action 

of excessive amounts of free fatty acids comprise the 

"lipid triad H54 which plays a crucial role in the 

conversion of reversible damage into irreversible 

myocardial membrane destruction. 

During ischemia, lipid peroxidation, mediated by the 

generation of free radicals, occurs via several mechanisms. 

These mechanisms include: 1) the effect of catecholamine 

excess54 ,79; 2) switch-off of the mitochondrial respiratory 

chain10 ,29,54; and 3) Ca++-mediated enhancement of the 

arachidonic acid cascade and activation of 

phospholipases10,54,67. 

Catecholamines are systemically released in large 

quantities upon excision of the heart79 • As previously 

stated, the autoxidation of catecholamines is a source of 

superoxide radicals. The oxidation of epinephrine to 

adreeochrome can give rise to epinephrine semiquino~e, 

which can donate electrons to 02' thus generating 02·-
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which is an inducer of lipid peroxidation9 • Moreover, 

during ischemia the utilization of available 02 is switched 

from the oxidase to the oxygenase pathway, forming the 

basis for LP054 • Due to the inadequate supply of 02 to the 

tissue, cytochrome c oxidase, the terminal component of the 

electron transport chain, is inhibited. This results in 

the reduction of NAD to NADH and that of the remaining 

respiratory chain carrierslO ,29,54. The end result is the 

eventual incomplete reduction of the 02 dissolved in the 

lipid matrix of the membrane, thus producing activated 

oxygen species, the initiators of lipid peroxidation. 

Lipid peroxidation is initiated with the abstraction of 

a hydrogen atom by a free radical species from an 

unsaturated fatty acid, resulting in the formation of a 

lipid radicalll • unsaturated fatty acids are especially 

susceptible to hydrogen abstraction by initiators due to 

the presence of double bonds which weaken the carbon

hydrogen bond on the carbon atom adjacent to the 

unsaturated carbon-carbon bond16 • Biological membranes are 

generally rich in unsaturated fatty acids, and thus are 

particularly susceptible to peroxidative attack. Following 

the abstraction of the hydrogen molecule from the 

unsaturated fatty acid, rearrangement of the double bonds 

results in the formation of conjugated dienes. Attack by 
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02 (available in ischemic tissue because there is a 

deficiency rather that an absence of 02 in the tissue) 

produces a lipid peroxy radical, which can either abstract 

a hydrogen atom from an adjacent lipid to form a lipid 

hydroperoxide, or form a lipid endoperoxide. The formation 

of lipid endoperoxides in unsaturated fatty acids can then 

lead to the formation of malondialdehyde (MDA) as a 

breakdown productll • In addition to the direct effects of 

lipid peroxidation, which will be described later, the 

formation of MDA as a breakdown product can cause the 

cross-linkage and polymerization of membrane components 

resulting in alterations of ion transport, enzyme activity 

and membrane structure16 ,29. MDA is freely permeable 

across the cell membrane, and thus can act intracellularly 

at the level of the nitrogenous bases of DNA, with 

mutagenic and carcinogenic results27 ,29. The consequences 

of lipid peroxidation, however, are not limited to indirect 

effects, i.e., the formation of MDA, but include the direct 

effects which are equally devastating to living cells. 

The effects of LPO on biomembranes, summarized in 

Figure 2 include: 1) changes in the lipid microenvironment 

of membrane-bound enzymes, receptors and ion channel 

formers 16 ,54; 2) formation of new permeability 

channels29 ,38,54; 3) formation of cross-links between 
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proteins and phospholipids of membranes, coupled with 

irreversible inactivation (or activation) of the 

protein16 ,20,4l,70,88; and 4) oxidation of SH groups in the 

active sites of membrane-bound enzymes, and the resultant 

loss of enzyme functional properties16 ,29. Additionally, 

LPO activation causes labilization of the lysosomal system, 

containing cell phopholipases16 ,S4. The phospholipases 

released from the lysosomes, acting in concert with 

membrane-bound phospholipases hydrolyze phospholipids, 

resulting in the formation of free fatty acids. The 

detergent-like action of the free fatty acids can, in turn, 

destroy the highly ordered phospholipid arrangement of 

biological membranes. The resultant increase in membrane 

permeability allows for excess amounts of Ca++ to enter the 

cell which can cause additional activation of 

phospholipases and LPO. This results in a vicious circle 

of events resulting in the development of cell membrane 

damage, and the conversion of reversible to irreversible 

damage, and myocyte deathS4 • 
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Figure 2. Free radical damage to membranes. Free radicals 

can affect lipids by initiating peroxidation , which leads 

to short chain fatty acyl derivatives and the by-product 

malondialdehyde (MDA). A variety of cross-linking 

reactions can be mediated by MDA reactions. Free radicals 

can also catalyze amino acid oxidation, protein-protein 

cross-linking, and protein strand scission (Taken from 

Freeman28 ) • 
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The consequences of lipid peroxidation, or more 

generally, the production of free radicals as a result of 

ischemia, or ischemia/reperfusion on myocardial structure 

and function have been widely investigated. Arroyo, et 

a1.2, used electron spin resonance and spin trapping 

techniques to directly demonstrate the production of carbon 

and oxygen-centered radicals in canine hearts made ischemic 

by ligating a diagonal branch of the left anterior 

descending coronary artery (LAD). In addition, assays of 

the effluent from the ischemic region of the heart showed 

the presence of conjugated dienes, a byproduct of lipid 

peroxidation. Based on the results of their study, this 

group suggested that the formation of oxygen- and carbon

centered lipid radical species during ischemia are a 

consequence of oxy-radica1 attack of cardiac membrane 

lipids, supporting the role of LPO activation in the 

pathogenisis of ischemic heart damage. 

The observations of Torok and co-workers further 

support this hypothesis80 • The progression of free radical 

generation in ischemic myocardium was investigated by 

Torok, et al. 80 in a study which MDA formation in canine 

hearts made ischemic via ligation of the LAD branch was 

measured. Periods of ischemia were 1, 2, 3, and 24 hours. 

Levels of MDA were significantly higher in the hearts made 
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ischemic for one hour than in the control group. The 

levels of significance increased following the 2 and 3 hour 

time periods; however, a particularly interesting finding 

of this study was that in those groups that were held 

ischemic for 24 hours, MDA levels were significantly lower 

than control values. Torok speculated that this was 

indicative of incipient necrosis in that the materials from 

which the MDA is formed were no longer available. 

The effects of the formation of MDA during ischemia on 

myocardial function was examined by Will-~hahab and 

associates87 • In this study, rat hearts were made globally 

ischemic for periods ranging from 0 to 45 minutes after 

which time they homogenized and measured the adenyl ate 

cyclase (AC) activity in the tissue. It was observed that 

following 15 minutes of ischemic time, the measured 

depressions in adenyl ate cyclase function were completely 

reversible after a reperfusion time of 15 minutes. In 

contrast, following 45 minutes of global ischemia they 

found that adenylate cyclase activity was irreversibly 

lost. Further experiments were carried out in order to 

elucidate the mechanism(s) for the observed decrease and, 

with increasing ischemic periods, abolition of AC 

activity. Lipid peroxidation was induced in purified 

sarcolemmal membranes by preincubation in the presence of 
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the free radical generating system Fe++/ascorbate. They 

found that the level of AC activity decreased as the 

incubation time increased. Moreover, there was a high 

positive linear correlation between malondialdehyde 

production and percent inhibition of AC activity. They 

concluded that adenylate cyclase was highly susceptible to 

free radical-induced damage. Because of this 

susceptibility, adenyl ate cyclase is likely to be one of 

the causes of the biochemical derangements contributing to 

the alteration of sarcolemmal membrane function in 

myocardial ischemia. Consequences of such alterations in 

sarcolemmal membrane function include the reduction or loss 

of metabolic and contractile regulation of the heart. 

The direct effects of the production of free radicals 

on the structure and function of the myocardium have been 

further characterized via the use of free radical 

generating experimental models. Burton and associates14 ,15 

used an isolated perfused rabbit interventricular septal 

preparation to evaluate the effects of O2 .- and OH· on the 

structural and functional integrity of the myocardium. 

When the superoxide radical generating system of purine 

plus xanthine oxidase was added to the perfusate, 

structural alterations of the vascular endothelium 

including the increased formation of vacuoles, 
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microprojections and the accumulation of cellular debris 

extra- and intra-vascularly were seen after 1.5 hours of 

perfusion. The number of normal myocardial cells in the 

septal preparation was decreased, although the alterations 

did not generally result in severe damage to the cells. 

There was no significant difference in the contractile 

function between the septal preparations exposed to 02·

and the control group. 

In contrast to the effects of 02·-' when Fe+++-Ioaded 

transferrin was added to the perfusate containing xanthine 

oxidase for the purpose of catalyzing the generation of OH· 

via the Haber-Weiss reaction described above14 , vascular 

endothelial alterations were much more marked: edema, 

increased vacuolization including ruptured vacuoles, and an 

increase in the number of microprojections was found. In 

addition, a significant number of severely damaged 

myocardial cells were found. Severe damage included 

extremely swollen mitochondria, a clearing of the 

mitochondrial matrix, bleb formation in the sarcolemma with 

separation of the basement membrane, and breaks in the 

sarcolemma. Although the myofibrils remained relatively 

intact, some of the more severely damaged cells exhibited 

contracture bands. In contrast to the septal preparations 

exposed to 02·-' there were significant decreases in the 
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developed tension (DT) and its first derivative, dTjdt, 

following a 2 hour perfusion period. 

To establish whether the damaging effects of O2 .- and 

OH· on the myocardium could be prevented, the free radical 

scavenger superoxide dismutase (SOD) was added to the 

perfusate. SOD, a specific scavenger of the superoxide 

radical, increases the rate constant of the spontaneous 

dismutation of 02·- by about 104 times29 • When SOD was 

added to the septal preparations exposed to the OH· 

generating system, contractility was significantly 

improved, but remained significantly lower than that of the 

control septa and those treated with the O2 .- generating 

system. Burton concluded that the addition of exogenous 

free radical scavengers including SOD and catalase may be 

protective in the event the myocardium is exposed to free 

radical generating systems. 

The results of another study in which free radical 

generating systems were employed to investigate the 

protective benefits of exogenous free radical scavengers 

supported the observations of Burton and associates. By 

subjecting a physiological buffer which was perfusing 

isolated rabbit hearts to electrolysis, Jackson and 

associates38 were able to generate free radicals. They 
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found that those hearts (n = 10) which were exposed to the 

buffer with electrolysis exhibited increases in coronary 

artery perfusion pressure, left ventricular end-diastolic 

pressure, and vascular permeability (measured by the 

accumulation of 125I -labeled albumin in the tissue. These 

increases were significantly reduced by the addition of the 

OH· scavenger, dimethyl sulfoxide (n = 5), or the H202 

scavenger, catalase (n = 8), to the post-treatment 

perfusate. They concluded from the protection afforded 

with the addition of these agents to the perfusion system, 

that the OH· radical and H202 are involved in the reduction 

of cardiac and vascular function. 

In addition to free radical-mediated activation of 

peroxidative damage to the myocardium during the ischemic 

period, a chemoattractant on the surface of the vascular 

endothelium is activated, setting up the myocardium for 

perhaps even greater injury upon reperfusion and the influx 

of neutrophils26 ,5l. The presence of the chemotactic 

factor may cause the neutrophils to stick to the 

endothelium and extravasate into the interstitial space. 

Components leaking from these injured cells can then 

activate the neutrophils, resulting in further tissue 

damage via the release of additional oxidative enzymes 

(myeloperoxidase), hydrolytic enzymes (elastase, 
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collagenase, hyaluronidase) 26,5l, and the production of 

free radicals2l ,30,3l,50,5l,58,74,82,84. The presence of 

sticky neutrophils plugging the capillary beds leads to 

impairment of the circulation, exacerbating the ischemia23 -

26,75. Additionally, it has been demonstrated that the 

endothelium of the microcirculation is extemely sensitive 

to the effects of free radicals1 ,58,81,84. Exposure to 

free radical generating systems has been shown to result in 

the activation of superoxide production by the 

endothelium26 ,73, increased vascular permeability to 

macromolecules1 ,14,15,21, 29,44,74,84, and destruction of 

the endothelium1 ,26,38,45,81,84. Increased microvascular 

permeability results in increased interstitial pressure, 

which may result in local circulatory shutdown, creating 

greater ischemia as the interstitial pressure approaches 

intravascular pressure. 

It can be clearly seen that as the period of myocardial 

ischemia is extended, multiple cycles providing for the 

production of free radicals, thus lipid peroxidation, are 

established at the level of the myocytes and 

microcirculation, which, if not inhibited, will result in 

the death of the myocardium. If an isolated heart is to be 

successfully maintained for extended periods of time, 

intervention must be made to either eliminate ischemic 
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exposure, inhibit mechanisms of lipid peroxidation 

activation, or both. 

Recent literature describing techniques for extended 

preservation of the myocardium have reported varying 

degrees of success with the use of exogenous free radical 

scavengers. stewart, et al. 7S , studied the potential 

benefits of exogenous SOD on the performance of isolated 

hearts following six hours of hypothermic storage. 

comparisons of left ventricular function, endocardial blood 

flow, and the measurement of by-products of lipid 

peroxidation were made between hearts which were preserved 

and assessed using perfusates containing no free radical 

scavengers and hearts which had 30,000 and 60,000 units 

superoxide dismutase (SOD) added to the preservation 

solution and reperfusate, respectively. Significant 

improvements were found in left ventricular function and 

endocardial blood flow in hearts which were preserved and 

assessed with the SOD-containing solutions. Moreover, 

significant decreases in the production of thiobarbituric 

acid (TBA) reactive species (primarily malondialdehyde) 

were measured in the hearts. Based on these results, 

Stewart and co-workers concluded that free radical 

scavengers may prove beneficial in prolonging the viable 

hypothermic ischemic time of isolated hearts. 
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These conclusions were supported by the work of Jurmann 

and associates40 which examined the possible benefits of 

SOD and catalase on isolated hearts following three hours 

of hypothermic ischemia. Modeling their experiments after 

the present setting for myocardial transplantation, Jurmann 

and co-workers reperfused two groups of isolated pig hearts 

following three hours of storage immersed in hypothermic 

cardioplegic solutions. The addition of superoxide 

dismutase (40 U/ml) and catalase (1500 U/kg) to the 

reperfusate significantly improved left ventricular 

developed pressure (LVDP) and its first derivative as well 

as in the coronary flow rates of the hearts following 15 

minutes of reperfusion. Using the free radical scavengers 

allopurinol and catalase, Myers and et al. 59 found a 

statistically significant rise in LVDP, its first 

derivative, and left ventricular compliance. Significant 

elevation of the coronary flow rate was found when 

deferoxamine was added to the perfusate. Using isolated 

rat hearts, Menasche, et al. 55 also reported improved 

functional recovery following supplementation of the 

standard cardioplegia with deferoxamine. The results of 

these studies suggest that deferoxamine, acting either 

directly as a scavenger of the superoxide anion or as an 

iron chelator to inhibit the iron-catalyzed Haber-Weiss 
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formation of the hydroxyl radical, significantly improves 

the functional recovery of hypothermically stored isolated 

hearts. These studies provide evidence for the formation 

of free radicals in the setting of hypothermic ischemic 

(non-perfused) storage; the problem of free radical 

generation during perfused preservation has received less 

attention in the literature. 

One such study was carried out by Bando and associates5 

to determine the role of free radical-induced injury during 

preservation and transplantation. Four groups of canine 

hearts were orthotopically transplanted: 1) immediately 

following isolation from the donor dog; 2) immediately 

following isolation from a donor dog which had been pre

treated for 72 hours with allopurinol (50 mg/kg/day); 3) 

following 18 hours of perfused, hypothermic preservation 

with oxygenated modified Collins solution; and 4) 

following pretreatment with allopurinol as in Group 2 and 

perfused preservation as in Group 3. The measured TBA 

reactive sUbstances were significantly decreased in the 

allopurinol pretreated hearts; additionally, the maximum 

first derivative of LV pressure (used as the measure of 

cardiac function) was significantly higher in the 

allopurinol pretreated hearts. There were no differences 

in the levels of TBA reactive species between the hearts in 
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like groups (1 and 3, 2 and 4); however, significant 

differences were found between groups 1 vs. 2 and 3 vs. 4. 

Bando and associates concluded that their study provided 

evidence that the use of allopurinol reduces free-radical 

injury induced during reperfusion; they did not, however, 

feel that the operational ischemia or perfusion with the 

Collins solution contributed to the generation of free 

radicals. 

The last conclusion is not supported by the work of 

Miller, et al56 ., which examined the potential benefits of 

controlling the redox potential during hypothermic, 

perfused preservation. The redox potential is the result 

of the electron transfer between oxidized and reduced 

species. During perfused preservation, the continuous 

transfer of electrons from the organ to the perfusate 

results in a constant flux of the redox potential. Initial 

adjustment of the redox potential of the perfusate to -17mV 

by the addition of glutathione and ascorbic acid followed 

by continuous monitoring and electrical adjustment to 

maintain the potential at that level throughout the 24 hour 

period of hypothermic pulsatile perfusion resulted in 

significantly improved systolic and diastolic function 

after perfusion as compared to the hearts that underwent 

machine perfusion without redox control. Miller and 
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associates concluded that by maintaining the redox 

potential during hypothermic pulsatile perfusion, the 

generation and reduction of free radicals which occurs as a 

result of hypothermic perfusion were inhibited, and the 

preservation of the hearts was significantly improved. 

In summary, there are a myriad of complex problems 

which must be solved before the goal of a consistently 

successful method for the long-term preservation of 

isolated hearts can be realized. In order to achieve this 

goal, underlying mechanisms of damage must be identified 

and circumvented. It appears that the inhibition of 

ischemia. via the maintenance of coronary microcirculatory 

function is essential to the successful preservation of the 

myocardium; therefore, mechanisms which contribute to 

microvascular failure will indirectly or directly result in 

the failure of the heart upon reperfusion. 

The following chapter is devoted to setting forth the 

objectives and experimental approach of this study which 

have been designed to address some of the problems in 

myocardial preservation which remain unsolved by the 

preceding studies. Specifically, mechanisms which may 

contribute to the loss of contractile function in isolated 

hearts following long-term, hypothermic, perfused 
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preservation will be examined. 

This study will attempt to identify such mechanisms via 

systematic examination of possible sites of dysfunction 

during preservation. Coronary flow during hypothermic, 

perfused preservation of isolated rabbit hearts will be 

quantified and related to the loss of left ventricular 

function. The microvasculature of preserved hearts will 

then be examined to determine: 1) if measured decreases in 

coronary flow rates are reflective of decreased filling of 

the microvasculature; and 2) if, in fact, microvascular 

filling is decreased, whether the decreases are uniform 

throughout the tissue. Observed decreases in microvascular 

filling will be compared to losses in left ventricular 

function to determine whether there is a relationship 

between loss of microvascular and contractile function. 

Systematic evaluation of the microvasculature in response 

to long-term preservation will provide information 

regarding a specific site of dysfunction during 

preservation. Specific mechanisms which may contribute to 

microvascular dysfunction will then be proposed and the 

results of the investigation of these mechanisms reported. 

The final chapter is devoted to a discussion of the 

implications of the results of these studies for future 
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research. The intent of this research project is not only 

to investigate specific mechanisms responsible for the 

failure of the myocardium following long term preservation, 

but to provide a direction for future research designed to 

extend the time an isolated heart can exist outside the 

donor while maximizing the contractile function of the 

heart upon reperfusion in the recipient. 
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CHAPTER 2 

OBJECTIVES OF THE PRESENT STUDY 

The objectives of this research project, stated in 

Chapter 2, were (in isolated rabbit hearts): 1) to 

quantify the loss of coronary flow experienced during 

preservation via hypothermic perfusion at low pressure; 2) 

to quantify the relationship between the magnitude of 

reduction in coronary flow and the level of functional 

recovery in preserved hearts; 3) to quantify and 

characterize coronary flow reduction at the level of the 

microvasculature and determine whether there is a 

relationship between microvascular perfusion and 

contractile dysfunction in preserved hearts; and, 4) to 

identify mechanisms that may contribute to compromised 

microcirculatory and contractile function in this 

experimental model. 

Experimental Approach 

1) To quantify the loss of coronary flow of isolated 

rabbit hearts during preservation via hypothermic perfusion 
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at low pressure (13 mmHg) , coronary flow rates will be 

measured throughout and at the end of the preservation 

period. Myocardial ischemia occurs when blood flow to the 

heart is reduced to such an extent that metabolic demand 

exceeds the supply of nutrients. Thus, loss of coronary 

flow may indicate ischemic conditions (see objectives 2,3, 

and 4). To quantify loss of coronary flow, coronary flow 

rates of each heart throughout the preservation period will 

be measured by placing isolated rabbit hearts on a 

preservation apparatus designed to provide continuous 

perfusion of a recirculating solution into the heart at a 

constant pressure of approximately 13 mmHg. 

2) The second objective of these studies is to 

quantify the relationship between the magnitude of coronary 

flow reduction (ischemic insult) and the level of 

functional recovery in preserved hearts. Coronary flow 

rates of isolated hearts will be determined throughout and 

at the end of the preservation period; left ventricular 

function will be determined at the end of the preservation 

period. If reduced contractile function is related to 

reduced coronary flow, it may suggest that reduced coronary 

flow is reflective of myocardial ischemia, which, in turn, 

will result in loss of contractile function. Coronary flow 

rates will be measured as described above (see objective 
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1); left ventricular function of these hearts will be 

measured using a modified Langendorff apparatus. 

3) The preceding experiments have been designed to 

characterize the relationship between reduced coronary flow 

rates during preservation, thought to reflect the magnitude 

of ischemia, and functional recovery of these hearts. The 

following experiments are designed to quantify and 

characterize coronary flow reduction at the level of the 

microvasculature and determine whether there is a 

relationship between microvascular perfusion and 

contractile dysfunction in preserved hearts. Perfused vs. 

non-perfused microvessels will be visualized by infusing 

hearts with an India ink solution immediately following the 

preservation period. It will then be determined: 1) 

whether measured decreases in coronary flow rates are 

reflective of decreased filling of the microvasculature; 

and 2) if, in fact, microvascular filling is decreased, 

whether the decreases are uniform throughout the tissue. 

4) The final objective of this study is to identify 

mechanisms which may contribute to the compromised 

microcirculatory and contractile function in this 

experimental model. On the basis of the results obtained 

from the preceding studies, two mechanisms which may 
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contribute to decreased microvascular and contractile 

function in preserved hearts will be examined: 1) 

inadequate perfusion pressure during preservation; and 2) 

lipid peroxidation occurring as a consequence of myocardial 

ischemia during preservation. Determination of the 

adequacy of the perfusion pressure will be made by 

comparing the percentage of microvessels filled with India 

ink infused at high and low pressures in control and 

preserved hearts. The involvement of lipid peroxidation as 

a mechanism for decreased contractile function of preserved 

hearts will be evaluated by comparing the levels of lipid 

peroxidation in the tissue to coronary flow rates, 

percentage of filled microvessels, and left ventricular 

function in isolated hearts following preservation. 

systematic examination of the relationships between 

coronary flow rates and microvascular and left ventricular 

function will provide a basis for investigating specific 

mechanisms thought to be responsible for the failure of the 

myocardium following long term preservation. The 

information provided by this approach will help design an 

approach for future research aimed at lengthening the time 

an isolated heart can exist outside the donor while 

maximizing the contractile function of the heart upon 

reperfusion in the recipient. 



CHAPrER 3 

THE UNIFORMITY OF MICROVASCULAR FILLING 

DURING PRESERVATION DETERMINES THE RECOVERY 

OF CONTRACTILE FUNCTION OF ISOLATED RABBIT HEARTS 

FOLLOWING 24 HOURS OF LOW-PRESSURE, 

HYPOTHERMIC, PERFUSED PRESERVATION 

Introduction 
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Research designed to protect the myocardium from 

ischemic damage over the short-term has demonstrated that 

simply arresting and hypothermically storing the heart in a 

cardiop1egic solution for a maximum of four to five hours 

can result in the recovery of a sufficient level of 

contractile function to support a recipient's circulation 

upon transplantationl7 ,22,36. This time-frame is, however, 

limiting to the field of heart transplantation in terms of 

optimal matching of donor hearts to recipients, and the 

availability of hearts, either from banks or distances 

greater than approximately 1600 km. Additionally, ischemic 

damage sustained by the heart over this time period may 
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preclude the long-term survival of the recipient. Data 

collected at the University of Arizona Health Sciences 

center from March 1, 1979, to March 1, 1985 has revealed 

that the 2 year survival rate for recipients of distant 

(370 to 1556 km) donor hearts was 38%, as compared to 85% 

for patients who received local hearts 22 • Other 

variables, including age, sex, cause of death, time from 

injury to brain death, and time from brain death to 

cardiectomy, did not impact upon the survival rate of the 

recipients. However, ischemic time of the heart, which is 

directly correlated to the distance from which the heart 

was obtained, is a significant factor in patient survival. 

Billingham, et. al. 7 examined the ultrastructure of 

capillary endothelium from hearts obtained locally and from 

distances that provided maximal ischemic times. They noted 

intact capillary endothelium in the local hearts, which 

experienced minimal ischemic periods. However, consistent 

damage was reported in the hearts that experienced the 

longer ischemic periods. Examination of reperfused donor 

hearts revealed additional ultrastructural damage as the 

distance from which the heart was obtained increased. 

Further, in biopsy specimens taken from survivors after one 

year, increased vascular damage was reported in the hearts 

of recipients of distant donor hearts as opposed to those 



58 

obtained locally. These observations suggest that vascular 

damage to the isolated heart sustained as a result of 

ischemic insult during preservation impacts negatively on 

the sustained ultrastructural integrity of the transplanted 

heart. Further, that vascular integrity must be maintained 

for long-term survival of recipients of hearts exposed to 

extended ischemic periods. This objective becomes 

especially critical in the maintenance of the myocardium 

exposed to maximal ischemic periods. 

Many different perfusates and a variety of perfusion 

techniques have been developed in order to protect the 

heart from mechanisms of damage thought to occur as a 

consequence of ischemia during these long preservation 

periods. Most commonly, isolated hearts are arrested, 

cooled and perfused with a solution which continuously 

supplies 02 and substrates3- 5 ,l2,l3,l9,34,35,42,56,64-

66,77,78. An observation that is consistently reported by 

several of these investigators13 ,19,34,66 is that a 

reliable indicator of the viability of the myocardium upon 

reperfusion is the coronary flow rate during, or at the end 

of, the preservation period. These studies, taken together 

with the statistics and observations reported by Emery21 

and Billingham7 suggest that alterations to the coronary 

vasculature sustained as a result of extended periods of 
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ischemic storage may underlie observed decreases in 

coronary function following hypothermic preservation. 

The present chapter will focus on the possible causal 

relationship between reduced microvascular function during 

preservation and incomplete recovery of contractility 

following preservation. The contractility of control and 

experimental hearts will be compared, and the possible role 

of the microvasculature evaluated by determining whether 

the levels of functional recovery are related to the levels 

of coronary flow following a 24 hour preservation period. 

The percentage of microvessels supporting flow at the end 

of the preservation period will be related to coronary flow 

rates. The role of ischemia (as the result of reduced 

microvascular perfusion during preservation) on the 

recovery of contractile function will then be evaluated. 

The purpose of this series of experiments is specifically 

to answer the following question: Does microvascular 

function (measured as total coronary flow and the 

percentage and distribution of perfused vessels) during 

long-term, hypothermic, perfused preservation determine 

functional recovery? 
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Materials and Methods 

Myocardial Preservation and Measurement of Coronary Flow 

The isolated heart model utilized was described by 

Burt12 , which represents a minor modification of that 

developed by Proctor, et al. 65 and Copeland et al. 19 New 

Zealand white rabbits weighing 1.25 - 1.85 kg that 

previously had access to food and water ad libitum were 

used. Animal care was provided by trained veterinary staff 

in accord with applicable standards. Immediately following 

administration of a lethal dose of sodium pentobarbitol (65 

mg/ml~ 1 ml/kg), the heart was excised and immersed in room 

temperature cardioplegia (cardioplegia; see below). The 

heart was cannulated via the aorta and arrested by the 

retrograde aortic infusion of 50 ml cardioplegia at room 

temperature at a pressure head of 80 mmHg, followed by 50 

ml cardioplegia at 5° C at the same pressure head. The 

arrested, cooled heart was then weighed and placed on the 

preservation apparatus (Fig. 3) via the cannula to which 

the heart was initially attached. 

The isolated heart model is designed to provide 

continuous perfusion of a recirculated solution into the 

heart at a constant pressure of approximately 13 mmHg. The 
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preservation solution, bubbled with 95%02/5%C02' was a 

modified Krebs-bicarbonate solution containing mannitol (as 

an osmotic agent to inhibit excessive movement of fluid 

into the cells) and high potassium (to reduce the 

electrical gradient across the cell membrane, thus 

arresting the contractile function of the heart). The 

entire apparatus was stored in a cold room held at 4° C. 

The perfusion pressure was determined by the height of the 

column on which the aorta of the heart is placed. 

Retrograde flow of the perfusate through the aorta produces 

higher pressure in the aorta (approximately 13 mmHg) than 

that in the left ventricle (approximately 0 mmHg), keeping 

the aortic valve closed and allowing for antegrade 

perfusion of the coronaries via the normal pathway. 

Perfusate enters the 18 cm column via a T-connector and 

flows either into the heart or up and over the perfusion 

column depending upon the capacity of the heart to accept 

flow. The flow which did not enter the heart could be 

measured at any time during the preservation period via a 

Y-connector in the overflow line (not illustrated) and that 

volume subtracted from the total flow provided by the pump 

(measured prior to the experiment) to obtain the volume of 

perfusate which entered the heart (the coronary flow). 

Unless otherwise stated, all measurements of coronary flow 

were made at 4° C. The reduction in coronary flow from the 
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initial flow rate was used as the measure of the magnitude 

of ischemia for each heart. 

Control hearts were excised, arrested with the 

cardioplegia and weighed as described above, but were not 

preserved. Rather, the control hearts were either infused 

with an India ink solution (ink-I; see below), or perfused 

on a modified Langendorff apparatus as described below. 
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Figure 3. Myocardial preservation system. The heart was 

suspended for perfusion via its aorta to one end of a T

connector at the bottom of an 18 cm column of cardioplegia. 

The cardioplegia, continuously bubbled with 95% °2/5% CO2 , 

was pumped from a reservoir through 5 pm filters to the T

connector. The cardioplegia flowed either into the heart 

or over the overflow pathway and ultimately back into the 

reservoir. When in operation, the heart is bathed by the 

cardioplegia within the heart chamber. Coronary flow was 

measured via a Y-connector extending from the overflow 

circuit (not shown). The entire apparatus was maintained 

at 5° C in a cold room (Taken from BurtI2 ). 
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Measurement of Left ventricular Function 

Left ventricular function of these hearts was measured 

using a modified Langendorff 46 apparatus (Fig. 4). 

Following arrest or preservation, the heart was placed on 

the Langendorff apparatus by securing the aorta onto a 

stopcock located at the base of the pressure column. A 

modified Krebs-bicarbonate solution formulated to provide 

essential nutrients during the assessment period was 

supplied to the heart via retrograde perfusion, as 

described above. The solution, bubbled with 95% °2/5% CO2 

was maintained at 37° C and recirculated during the 

assessment period. The perfusion pressure, determined by 

the height of the overflow column leading from the heart, 

was 80 mmHg. A small catheter was inserted through the 

apex of the left ventricle to allow drainage of thebes ian 

flow. A latex balloon was secured into the left ventricle 

of the heart to obtain pressure measurements. The balloon 

was attached to a pressure transducer and syringe 

containing 1.0 ml of 0.9% saline solution. The pressure 

transducer (Gould P23ID) was connected to a Gould strip

chart recorder on which pressure tracings were recorded. 

The volume in the balloon was adjusted so that the 

diastolic pressure of the heart was maintained at 5 mmHg 

during a 30 minute perfusion period on the Langendorff 



65 

apparatus. Hearts were electrically paced at 210 beats per 

minute. At the end of a 30 minute perfusion period, the 

volume in the balloon was returned to zero so that the 

diastolic pressure was 0 mmHg. The volume was quickly 

increased in 0.05 ml increments from 0.1 to 1.0 ml, and 

pressure recordings obtained following each increment. An 

example of a typical strip-chart recording is presented in 

Figure 5. The changes in left ventricular pressure were 

plotted against the corresponding increases in left 

ventricular volume, and a pressure/volume curve generated 

for each heart (Fig 6). For the purposes of these studies, 

contractile function was defined as the systolic pressure 

(SP) in the left ventricle measured when the diastolic 

pressure (DP) was 10 mmHg. 
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Figure 4. Langendorff perfusion apparatus. The heart was 

suspended for perfusion by its aorta at the bottom of a 110 

cm column of modified Krebs-bicarbonate solution. The 

solution was pumped from a reservoir (continuously bubbled 

at 37°C with 95% °2/5% CO2 ) through a'set of prefilters 

(Millipore corporation, AP20 prefilter) to a water-jacketed 

delivery column. The solution flowed either into the heart 

or up the column and, via the overflow pathway, back to the 

reservoir. Flow to the heart was provided via the aorta 

through the coronary arteries. An intraventricular balloon 

(not shown) was inserted into the left ventricle for 

measurement of systolic and diastolic pressures (Taken from 

Burt12 ) . 
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Figure 5. Pressure tracing taken from left ventricle 

of heart while on the Langendorff apparatus. The bottom of 

the trace represents the diastolic pressure (following 

subtraction of the pressure reading resulting from the 

balloon and volume alone), the top is the systolic 

pressure. The developed pressure is the total pressure 

between the diastolic and systolic pressure peaks. 

Increases in both the diastolic and systolic values are 

apparent as the volume in the balloon is increased. 
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Pressure-Volume Curve of the Left Ventricle 
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Figure 6. Pressure-volume curve of the left ventricle. 

Diastolic and systolic pressures, obtained as shown in 

Figure 5, are plotted for incremental increases in volume. 

The systolic pressure recorded when the diastolic pressure 

is 10 mmHg is taken from each graph and used as the measure 

of ·left ventricular function for each heart. The minimum 

volume, in this case 0.3 ml, represents the volume of the 

latex balloon itself. 
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Measurement of Microvascular Function 

Determination of functional vs. nonfunctional 

microvasculature was accomplished by infusing hearts with 

an India ink solution immediately following the 

preservation period. The fraction of microvessels 

supporting the flow of India ink was used as the measure of 

microvasculature function. The method used to quantify the 

perfused microvasculature was a modification of the 

technique used by Renkin 69 to quantify the perfused 

microvasculature in skeletal muscle. Immediately after the 

heart was weighed following the preservation period (or 

arrest, in the case of the control group), the heart was 

infused with the India ink solution at 5° C at a pressure 

of approximately 13 mmHg. A section of the left 

ventricular free wall (approximately 0.5 x 0.5 cm) was then 

taken from the area of greatest diameter of the heart, and 

rapidly frozen in liquid freon cooled by liquid nitrogen. 

Serial sections, 10 pm thick, were obtained from the tissue 

block which had been oriented such that cross-sections of 

the microvessels of the mid-wall were obtained 

(microvessels of the epi- and endocardium were oriented 

longitudinally). Three sets of serial sections were 

obtained per pair of slides, then the tissue block was 

advanced 250 pm and three additional sets of serial 
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sections were taken. This was repeated until a total of 

five pairs of slides were taken from each tissue block. 

One of each pair of serial sections was reacted for 

alkaline phosophatase, present in the endothelium of 

terminal arterioles and capillaries71 , leaving these 

vessels darkly stained33 • The slides were placed in 

buffered sucrose-formalin for one minute, washed twice in 

distilled H2o, and placed in a freshly made, prewarmed 

incubation solution (AP; below) for 30 minutes at 37°C. 

Following the incubation period, the slides were rinsed in 

distilled H20, postfixed in buffered sucrose-formalin, and 

rinsed again. Using this technique, the total number of 

terminal arterioles and capillaries present in the tissue 

were visualized. The method for quantification of the 

total number of vessels was a modification of the technique 

used by Weiss, et a1 83 • A gridded slide (Fisher Micro

Slide Field Finder #12-454) was placed on top of the tissue 

slide. By using the numbered grids on the top slide to 

locate an area of tissue, the identical area of tissue 

could be relocated on its serial section. Areas of tissue, 

as defined by the grid, were randomly selected for 

counting, and the grid numbers recorded so that the 

corresponding area could be relocated on the serial 

section. The image was projected from an Olympus 
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microscope onto a monitor; the projected area equaled 

0.0168 mm2. All vessels appearing on the monitor were 

counted. The area of tissue counted from each slide 

totalled 0.504 mm2; five slides were counted, so that 2.52 

mm2 of tissue was analyzed from each heart. The number of 

vessels counted in these tissue sections represented the 

microvascular density of the tissue. 

The number of vessels supporting flow was determined 

from the second of each pair of sections. These sections 

were counter-stained with eosin to provide contrast between 

the tissue and those vessels containing ink. These 

sections were counted as described above with the exception 

that only those vessels containing ink were counted. Those 

vessels containing ink were defined as filled vessels, or 

vessels capable of supporting flow. For the purposes of 

these studies, microvascular function was defined as the 

presence of India ink in the microvasculature. By counting 

the number of vessels visible in the tissue reacted for 

alkaline phosphatase and comparing that to the number of 

vessels containing ink in the serial section of tissue, a 

measure of the percentage of functional vessels was 

obtained. In addition, the pattern of flow through the 

microvasculature was examined to determine whether 

decreases in coronary flow represent a uniform reduction in 
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the flow throughout the heart or a cessation of flow in 

some areas of the heart adjacent to areas which may be 

uniformly perfused. 

The adequacy of the sample size (the quantity of 

vessels counted per heart) was determined by calculating 

the unique sums of squares of the deviation from the mean 

(SS) between and within control and preserved hearts. The 

rationale for this analysis is as follows: if the variance 

within slides (that is, within the five slides either 

reacted for alkaline phosphatase or counter-stained with 

eosin per heart), represented a small percentage of the 

total variance (the sum of the variance between and within 

hearts), then reported differences were presumed to be a 

function of the experiment rather than the sampling 

procedure. Analysis of variance was calculated on a sample 

of 20 hearts, 10 preserved and 10 controls. The percentage 

of the total variance within the slides which had been 

reacted for alkaline phosphatase, was 1.99%. Results 

obtained by calculating SS in those hearts counter-stained 

with eosin, which represented the number of functional 

microvessels in the tissue, showed the variance between 

slides represented 2.24% of the total variance. It was, 

therefore, determined that the number of vessels counted 

per heart was statistically adequate. 
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Measurement of Microvasculature Function in Hearts Assessed 

for ventricular Function 

Immediately following generation of the pressure-volume 

curve as previously described, the heart was infused with 

an India ink solution (ink-2; see below). The tissue was 

prepared and the microvascular density and percentage of 

the microvasculature supporting flow quantified as in the 

preserved hearts. 

statistical analysis 

From the pressure-volume plots, the systolic pressure 

(SP) at 10 mmHg diastolic pressure (DP) was calculated as 

the measure of contractility for each heart. One-way 

analysis of variance (ANOVA) was used to compare the 

contractility of control hearts and hearts preserved 8 and 

24 hours, using the Newman-Keuls test for determination of 

significance between groups. Values are expressed as the 

mean ± standard error. Microvascular function between 

controls and the two groups of preserved hearts which were 

perfused on the Langendorff apparatus was analyzed using 

one-way ANOVA. Values are expressed as the mean ± standard 
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error. For comparison of microvascular function between 

control and preserved hearts not perfused on the 

Langendorff apparatus, the Student t test for paired data 

was used. Values are expressed as the mean ± standard 

error. Relationships between recovery of contractile 

function and coronary flow rates of preserved hearts, and 

the recovery of microvascular function and coronary flow 

rates of preserved hearts were examined by calculating the 

Pearson product-moment correlation coefficient, r. 

Differences were considered significant at p < 0.05. 

Perfusates and Solutions 

Cardioplegia. The cardioplegia was a modified Krebs

bicarbonate solution made up of 119 mM NaCl, 15 roM KCl, 0.8 

roM CaCl 26 5.2 roM MgCl 2 , 1.2 roM KH2P04' 25 mM NaHC03' 11roM 

dextrose, 68 mM mannitol, and 0.2 mM lidocaine. The 

calculated osmolarity of the solution was 355 mOsm. 

Modified Krebs-bicarbonate. The perfusate used for 

Langendorff perfusion of the hearts was a modified Krebs

bicarbonate solution consisting of 117 mM NaCl, 5.9 roM KCl, 

3 roM CaCl2' 0.5 mM EDTA, 1.2 roM MgS04' 1.2 roM NaH2P04' 25 

roM NaHC03 , 16 mM dextrose. The calculated osmolarity of 

the solution was 290 mOsm. 
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Ink-1. The India ink solution used to infuse the 

preserved and arrested hearts was processed by first 

dialyzing non-toxic India ink containing 100% carbon 

particles (Hunt's Speedball No. 3232) against the 

cardioplegia at 5° C for 24 hours. This doubled the volume 

of the ink. This ink solution was filtered through Whatman 

No. 1 filter paper, and heparin (final concentration, 100 

U/ml) added based on an additional 25% dilution. This 

stock solution was stored at 50 C. Immediately prior to 

infusion the stock ink solution was further diluted with 

cold cardioplegia 3:1 (ink:cardioplegia). 

Ink-2. The India ink solution used to infuse the 

Langendorff-perfused hearts was processed as previously 

described, except that it was dialyzed against the 

Langendorff-perfusate. Immediately prior to use, this ink 

solution was further diluted with the Langendorff perfusate 

3:1, warmed to 37° C and bubbled with 95% °2/5% CO2 • 

AP. The incubation solution used to react the alkaline 

phosphatase consisted of 3.8 g/liter of Fast blue RR and 

0.5 g/liter of a-napthyl phosphate in distilled H20. 
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Results 

The first of the four stated objectives of this 

research project is to quantify the loss of coronary flow 

of isolated rabbit hearts during preservation via 

hypothermic perfusion at low pressure. Coronary flow rates 

were measured at the onset, at various times during, and at 

the end of the preservation period. Representative flow 

profiles of hearts which exhibited high and low levels of 

coronary flow rates during preservation are shown in Figure 

7. Coronary flow rates decreased an average of 13 ± 2% 

within the first half-hour of preservation in all hearts 

measured en = 29). By the end of the preservation period, 

the mean decrease in the coronary flow rate was 25 ± 10% 

and 35 ± 5% in hearts preserved 8 en = 5) and 24 en = 24) 

hours, respectively. 

To satisfy the next objective, that is, to quantify the 

relationship between the magnitude of coronary flow 

reduction and the level of functional recovery in preserved 

hearts, left ventricular function was measured in control 

and preserved hearts and compared to coronary flow rates 

measured in the previous set of experiments. 

The contractility of control hearts was significantly 
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higher than that of hearts preserved either 8 or 24 hours 

(p < 0.01 for each group). Mean systolic pressure (SP) in 

the control hearts was 122 ± 5 mmHg (n = 15), while the 

measured contractility of the hearts preserved 8 and 24 

hours was 73 ± 16 mmHg (n = 5) and 76.1 ± 8 mmHg (n = 13), 

respectively (Fig. 8). 

To determine whether contractile function decreased in 

relation to decreases in coronary flow, SP was plotted as a 

function of the percent decrease in the coronary flow rate. 

As illustrated in Figures 9 and 10, contractile function is 

decreased when coronary flow, measured at the end of 8 and 

24 hour preservation periods, is decreased. 

Interestingly, it was found that decreases in the 

coronary flow rate early in the preservation period were 

predictive of the recovery of contractile function of 

hearts whether the final preservation period was 8 or 24 

hours. The earliest time point at which these flow rates 

were significant was 30 minutes into the preservation 

period, as illustrated in Figure 11 in the case of the 

hearts preserved 8 hours, and Figure 12 for those preserved 

24 hours. 

The finding that early decreases in coronary flow rates 
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are predicitve of the functional recovery of preserved 

hearts is illustrated in Figure 7. Apparent from this 

figure is that most of the decrease in coronary flow that 

occurs during the preservation period occurs during the 

first 30 to 60 minutes of preservation, with little change 

thereafter. Examination of the flow profiles of 18 hearts, 

obtained by measuring the coronary flow of these hearts at 

various times throughout the preservation period and 

plotting these values over the length of the preservation 

period (8 hours for 5 hearts; 24 hours for 13), revealed 

that in the preserved hearts with high levels of functional 

recovery, the initial coronary flow rate decreased slightly 

in the first hour and remained stable during the remainder 

of the preservation period. In some cases hearts actually 

recovered a portion of the initial decrease in flow. In 

contrast, in preserved hearts which functioned poorly 

following the preservation period, the coronary flow rate 

dropped very sharply in the first hour and remained at that 

level, sometimes decreasing slightly as the preservation 

period progressed. These results demonstrate that despite 

a continuous supply of oxygenated perfusate, coronary flow 

decreases during the preservation period and hear.ts appear 

to become ischemic. 

The preceding experiments were designed to characterize 
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the relationship between decreases in coronary flow and the 

recovery of contractile function in preserved hearts. The 

correlation between the magnitude of the decreases in final 

and initial coronary flow rates and functional recovery of 

preserved hearts supports the hypothesis that the magnitude 

of the ischemic insult is related to the level of 

functional recovery in preserved hearts. 

To determine whether these changes in coronary flow are 

reflective of the uniformity of microvascular filling, the 

percentage of microvessels in the tissue capable of 

supporting the flow was determined. It was found that the 

function of the microcirculation, as defined by the 

percentage of filled microvessels in the tissue, was 

severely compromised in hearts which had been preserved for 

24 hours. The percentage of vessels supporting flow in the 

control hearts was significantly different from preserved 

hearts, 94 ± 2% and 67 ± 9%, respectively (p < 0.025, Fig. 

13). As illustrated in Figures 14 and 15, decreases in 

coronary flow rates were found to be predictive of 

decreases in microvascular function following 30 minutes 

and 24 hours of preservation. 

The distribution of perfused vs. non-perfused vessels 

was not uniform; rather, large areas devoid of flow appear 
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adjacent to areas which exhibit essentially complete 

filling. Representative pictures taken of tissue from 

control and preserved hearts are shown in Figures 16 and 

17, respectively. 

These results demonstrate that measured decreases in 

coronary flow reflect decreases in microvascular function 

during preservation. Flow patterns taken from these hearts 

suggest that, despite continuous perfusion throughout the 

preservation period, portions of the heart become ischemic, 

resulting in decreases in contractile function. 

Microvascular and contractile function of control and 

preserved hearts was examined to determine: 1) whether 

microvascular function in preserved hearts could be 

restored upon functional assessment on a Langendorff 

apparatus when perfused with an oxygenated, crystalloid 

(non-protein, asanguinous) solution at 37° C at 80 mmHg: 

and, 2) if so, whether this reversibility was related to 

functional recovery of these hearts. There was no 

difference in the percentage of filled vessels between 

control hearts and hearts functionally assessed following 

either 8 or 24 hours preservation. Virtually all of the 

vessels in all of the hearts were filled at the end of the 

assessment period (Fig. 18). Further, there was no 
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relationship between the percentage of filled vessels 

following the assessment period and the recovery of 

contractile function or the immediate or final coronary 

flow rates. These results suggest that decreased 

myocardial contractility, the magnitude of which is 

determined, at least in part, by the magnitude of local 

microvascular dysfunction and consequent ischemia during 

preservation, are irreversible upon reperfusion, despite 

the capability of the microvasculature to support flow 

following preservation. 
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Figure 7. Flow profiles from hearts preserved 24 hours. 

These graphs represent the flow profiles from hearts with 

high (A) and low (B) final flow rates. Note that most of 

the decrease in flow occurs in the initial 30 - 60 minutes. 

The heart represented in A exhibited good contractile 

function upon assessment (135 mmHg SP at 10 mmHg OP): the 

heart in B functioned poorly (43 mmHg SP at 10 mmHg OP). 
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Figure 8. Contractility of control and preserved 

hearts. The contractility (systolic pressure (SP) 

development at 10 mmHg diastolic pressure (OP) of the 

hearts in preserved 8 and 24 hours was significantly lower 

than that of the control hearts (p < 0.01 for each group). 
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Figure 9. Relationship between recovery of contractile 

function and coronary flow rates (at 8 hours) of hearts 

preserved 8 hours. SP of hearts (measured at 10 mmHg DP) 

preserved for 8 hours decreased as a function of the 

percent decrease of the initial coronary flow rate. The 

equation for the regression line for hearts preserved 8 

hours is y = -1.55(x) + 112, r2 = 0.846 (p < 0.025). The 

mean initial flow rate was 1.0 ± 0.06 ml/(min * initial g 

wet weight); final flow rates averaged 0.8 ± 0.15 ml/(min * 
initial g wet weight). The mean decrease in the coronary 

flow rate was 25 ± 10%. 
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Figure 1.0. Relationship between recovery of 

contractile function and coronary flow rates (at 24 hours) 

of hearts preserved 24 hours. In hearts preserved 24 

hours, the SP decreased as a function of the percent 

decrease of the initial coronary flow rate. For the hearts 

preserved 24 hours, the equation for the regression line is 

y = -0.93(X) + 103.88, r 2 = 0.56 (p < 0.0025). The mean 

initial flow rates for these hearts were 1.2 ± 0.07 ml/(min 

* initial g wet weight); final flows, 0.8 ± 0.08 ml/(min * 
initial g wet weight). The mean decrease in the coronary 

flow rate was 30 ± 7%. 
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Figure 11. Relationship between the recovery of 

contractility and the immediate decreases in coronary flow 

rates (30 min) in hearts preserved 8 hours. Decreases in 

the recovery of contractile function (SP measured 'at 10 

mmHg DP) in hearts preserved 8 hours'was related to the 

decrease in coronary flow rates following one-half hour of' 

preservation time. The equation for the regression line 

for these hearts is y = -4.62(X) + 117.1, r2 = 0.88 (p < 

0.01). Average initial coronary flow rates were 1.0 ± 0.06 

ml/(min * initial g wet weight); following 0.5 hours 

preservation, mean flow rate equaled 1.0 ± 0.06 ml/(min * 
initial g wet weight). The mean decrease in coronary flow 

was 9 ± 3%. 
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Figure 12. Relationship between the recovery of 

contractility and the immediate decreases in coronary flow 

rates (30 min) in hearts preserved 24 hours. SP (measured 

at 10 mmHg DP) following 24 hours of preservation decreased 

as a function of the percent decrease in-·coronary flow rate 

following one-half hour of preservation time. For the 

hearts preserved 24 hours, the equation for the regression 

line is y = -1.66(x) + 91, r2 = 0.299 (p < 0.05). Coronary 

flow rates averaged 1.2 ± 0.07 ml/(min * initial g wet 

weight) at the onset of preservation and dropped to an 

average of 1.1 ± 0.07 ml/(min * initial g wet weight) 

within the first half-hour of preservation time. The mean 

decrease in the coronary flow rate was 9 ± 3%. 
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Figure 13. Microvascular function in control and 

preserved hearts. Microvascular function, defined as the 

percentage of microvessels in the tissue capable of 

supporting the flow of the India ink solution, was 

significantly lower following the 24 hour preservation 

period as compared to control values (p < 0.025). The 

total number of vessels in control and preserved hearts 

averaged 1374 ± 74 vessels/mm2 and 1519 ± 72 vessels/mm2, 

respectively. The mean number of filled vessels was 1302 ± 

87 vessels/mm2 and 1016 ± 141 vessels/mm2 for the control 

and preserved hearts, respectively. 
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Fiqure 1.4. Re1.ationship between recovery of 

microvascular function and coronary flow rates (at 24 

hours) of preserved hearts. The percentage of filled 

vessels in hearts preserved 24 hours was found to be 

inversely related to the percent decrease from initial to 

final coronary flow rates. The equation for the line is y 

= -0.7l4(x) + 97.23, r 2 = 0.49 (p < 0.01). The mean 

initial flow rates for these hearts was 1.2 ± 0.11 ml/(min 

* initial g wet weight), final flow rates averaged 0.7 ± 

0.13 ml/(min * initial q wet weight). Mean decrease in 

coronary flow was 42 ± 9%. 
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Figure 15. Relationship between microvascular function 

and the immediate decrease in coronary flow rates (30 min) 

following a 24 hour preservation period. The percentage of 

filled vessels in hearts preserved 24 hours was inversely 

related to the percent decrease in the coronary flow rates 

following one-half hour of preservation time. The equation 

for the line was y = -1.97(X) + 105.76, r 2 = 0.57 (p < 

0.005). Initial flow rates dropped from an average of 1.2 

± 0.11 ml/(min * initial g wet weight) at the onset of 

preservation to 0.7 ± 0.13 ml/(min * initial g wet weight) 

following one-half hour of preservation time. The mean 

decrease in the coronary flow rate was 20 ± 3%. 
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Figure 16. Photographs of tissue from control hearts. 

The photograph on the left was taken of tissue reacted for 

alkaline phosphatase, revealing the total number of 

microvessels present in the tissue. The photograph on the 

right shows those vessels that contained India ink. Note 

the comparable density of vessels on the images, consistent 

with 96% average filling. 
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Figure 17. Photographs of t~ssue from hearts 

preserved 24 hours. The photograph on the left was taken 

of tissue reacted for alkaline phosphatase, revealing the 

total number of microvessels present in the tissue. The 

photograph on the right shows those vessels that contained 

India ink. Note the lack of perfused, i.e. functional, 

vessels towards the left of the India ink photo. 
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Microvascular function in control and 

preserved hearts following 30 minutes of reperfusion with 

an oxygenated crystalloid solution at 37° C. There was no 

difference in the percentage of filled vessels between the 

control hearts, and hearts preserved 8 and 24 hours. The 

mean number of vessels in the control hearts was 1641 ± 65 

vessels/mm2; filled vessels averaged 1551 ± 52 vessels/mm2• 

In those hearts preserved 8 hours, the mean number of 

vessels was 1428 ± 64 vessels/mm2; filled vessels 1595 ± 67 

vessels/mm2• Hearts preserved 24 hours had a mean value of 

1249 ± 151 vessels/mm 2 , an average of 1188 ± 145 

vessels/mm2 were filled. The mean percentages of filled 

vessels were 95 ± 0.8%, 94 ± 1%, and 95 ± 2% in controls, 

and hearts preserved 8 and 24 hours, respectively. 



94 

Discussion 

In this study, the relationships between coronary flow 

rate and microvascular function during long-term, 

hypothermic, perfused preservation and the recovery of 

contractile function following preservation were 

characterized. It was demonstrated that during 

preservation, coronary flow rates appeared to immediately 

decrease during the first half-hour, then stabilize and 

remain relatively constant shortly thereafter. significant 

decreases in the levels of contractile function were 

measured following 8 and 24 hours of hypothermic, perfused 

preservation. It was demonstrated that the level of 

functional recovery was inversely related to the magnitude 

of decrease in coronary flow rates, not only at the end of 

preservation, but very early (one-half hour) in the 

preservation period. It was also demonstrated that 

microvascular perfusion was inversely related to the 

percent decrease in the coronary flow rate. 

It was observed that microvascular perfusion is not 

homogeneous in nature as it is in the control hearts; 

rather, large areas devoid of flow appeared adjacent to 

areas which exhibited essentially complete filling of the 

microvasculature (Fig. 17). These flow patterns suggest 
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that, despite continuous perfusion throughout preservation, 

portions of the heart may become ischemic. 

Tissue may become ischemic without the absolute 

cessation of flow; therefore, if it is assumed that the 

initial flow rate of preserved hearts represents a non

ischemic condition, i.e., the coronary vasculature is fully 

perfused at the onset of the preservation period, then by 

measuring the initial flow rate and calculating the percent 

decrease in coronary flow during the preservation period, a 

measure of the ischemic insult to the heart can be 

obtained. When the percent decrease in coronary flow 

following 0.5 hours of preservation time is compared to the 

recovery of contractile function in hearts preserved for 8 

and 24 hours, an inverse relation is observed, indicating 

that the magnitude of the early decrease in coronary flow 

(indicative of the magnitude of ischemia the heart is 

exposed to throughout the preservation period) is critical 

to the functional recovery of preserved hearts. These data 

suggest that levels of ischemia the hearts are exposed to 

for the duration of the preservation period are determined 

early in the preservation period. 

Left ventricular function was significantly higher in 
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control hearts than in the hearts preserved 8 and 24 hours. 

However, there was no difference in the return of left 

ventricular function of hearts which had been preserved 8 

and 24 hours (Figure 8). These data suggest that by 8 

hours of preservation time, irreversible damage has 

occurred which precludes complete recovery of left 

ventricular function. Further, that for preservation 

periods between 8 and 24 hours, it is the ischemic period 

rather than the preservation period that most significantly 

impacts on the functional recovery of preserved hearts. 

This implies that ischemic injury to the myocardium 

sustained during hypothermic perfusion with an oxygenated 

solution may be a cause of compromised functional recovery 

in hearts preserved between 8 and 24 hours. 

These observations and conclusions are consistent with 

those of Copeland, et al. l9 in a study in which canine 

hearts were orthotopically transplanted following 24 and 26 

hours of hypothermic, perfused preservation. Based on the 

observation that the animals which survived the longest 

received hearts with the highest coronary flow rates 

following preservation, Copeland and associates suggested 

that myocardial failure following transplantation may be 

due to microvascular failure during the preservation 

period. This suggestion is further supported by the 
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results of the present study in which, by using India ink 

as a marker of flow through the microvasculature, 

comparison of tissue from control and preserved hearts 

revealed that the percentage of perfused microvessels in 

control hearts was significantly greater than that of the 

preserved hearts (Figure 13). Moreover, it was 

demonstrated that those hearts which have the greatest 

decrease in coronary flow following a 24 hour preservation 

period exhibit the lowest levels of microvascular perfusion 

(Figure 16). 

To summarize, the data indicate that the recovery of 

contractile function is related to the magnitude of the 

decrease in the coronary flow from initial to final levels. 

Additionally, the percentage of microvessels supporting 

flow at the end of the preservation period is related to 

the coronary flow rates at the end of the preservation 

period. These data suggest that loss of microvascular 

function plays a significant role in the loss of 

contractile function in isolated hearts following long

term, hypothermic, perfused preservation. 

These conclusions are supported by the results of the 

experiments which examined the reversibility of non

perfused vessels. These experiments demonstrate that 
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regardless of the percent decrease in the coronary flow 

rates over the preservation periods, whether 8 or 24 hours, 

essentially all the vessels in all the hearts are capable 

of supporting the flow of a physiological crystalloid 

modified Krebs-bicarbonate solution at 37° infused at a 

pressure-head of 80 mmHg. Moreover, the recovery of 

contractile function in hearts preserved either 8 or 24 

hours was not related to the percentage of vessels 

supporting the flow of the modified Krebs-bicarbonate 

solution. It must be noted, however, that the ability of 

these vessels to accommodate a non-colloidal, asanguinous 

solution may not reflect the capabilities of the vessels to 

support the flow of whole blood. The no-reflow phenomenon 

following myocardial ischemia and reperfusion has been 

well-documented23 - 26 ,75. The contribution of blood 

elements, particularly the plugging of the microvasculature 

and release of toxic oxygen species by leukocytes, have 

been shown to have significant consequences on the ability 

of previously ischemic tissue to support flow upon 

reperfusion with blood. Perfusion with an asanguinous 

solution, therefore eliminates an important source of 

potential microvascular and myocardial injury upon 

reperfusion. It is, however, the absence of this potential 

for reperfusion injury that is significant in this 

experimental model. 
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The absence of blood elements that may impede flow 

through the microvasculature upon reperfusion allowed for 

the apparently unrestricted delivery of 02 and other 

nutrients to the tissue following the preservation period. 

Despite this, significant decreases in the recovery of 

contractile function which are related to decreases in 

microvascular function early in the preservation period are 

observed in hearts following 8 and 24 hours of hypothermic, 

perfused preservation. This suggests that the degree of 

functional recovery is not dependent upon the preservation 

period (after 8 hours), but rather is dependent upon the 

magnitude and duration of the ischemic period. Extended 

periods of significant ischemia despite continuous 

perfusion with an oxygenated perfusate throughout the 

preservation period thus appear to result in irreversible 

damage to the myocardium, resulting in compromised 

functional recovery following preservation. 

Conclusion 

The results of these studies demonstrate that during 

hypothermic, perfused preservation, coronary flow falls, 

suggesting that despite continuous perfusion with an 

oxygenated solution, hearts become ischemic during 
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preservation. Moreover, the magnitude of the ischemic 

insult is related to the level of recovery of left 

ventricular function following preservation. Non-uniform 

microvascular perfusion, i.e., dysfunction, at the end of 

the preservation period was demonstrated, supporting the 

hypothesis that the distribution as well as total flow is 

important during long-term, hypothermic, perfused 

preservation in determining the level of functional 

recovery of isolated rabbit hearts. 
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CHAPTER 4 

MECHANISMS FOR MICROVASCULAR AND CONTRACTILE FAILURE IN 

ISOLATED RABBIT HEARTS FOLLOWING LOW-PRESSURE, HYPOTHERMIC, 

PERFUSED PRESERVATION FOR 24 HOURS 

Introduction 

The first successful transplantation of a human heart 

was performed by Dr. Christian Barnard in December 1967. 

Modifications of surgical techniques, post-operative care, 

and, most significantly, the treatment of organ rejection 

have improved the chances of survival and the return to a 

relatively normal life-style for transplant patients. The 

greatest limitation now facing cardiac transplant surgeons 

is the paucity of donor hearts. This is due, to a large 

extent, to the difficulties associated with long-term 

preservation of isolated hearts. It has been demonstrated 

that simply arresting and storing the heart hypothermically 

for a maximum period of six hours in a cardioplegic 

solution is sufficiently protective to the myocardial cells 

to allow for recipient survivaI17 ,22,36. This time-frame, 

however, limits the geographical area from which donor 
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hearts can be obtained and is therefore limiting to the 

field of heart transplantation7 ,22. 

In order to extend or expand the geographical area from 

which donor hearts can be obtained, techniques must be 

developed for ex vivo storage. It has been demonstrated 

that hearts cannot be held ischemic longer than 

approximately 6 hours because, even when slowed by 

hypothermia, alterations take place which influence 

metabolic capacities of the heart upon reperfusion36 • A 

research strategy frequently employed to circumvent 

ischemic damage to isolated hearts stored longer than six 

hours involves arresting, cooling and supplying isolated 

hearts continuously throughout the storage period with 

various nutrients and oxygen via an oxygenated, re

circulated perfusate. 

Many different perfusates and a variety of perfusion 

techniques have been developed in an effort to protect the 

myocardial cells from the damage thought to occur as a 

consequence of long-term preservation periods 3-5,8,12,13, 

17,19,34,35,42,43,56,59,63-66,77. This research strategy 

has included experiments which have resulted in the 

transplantation of a limited number of canine hearts which 

are able to support the circulation of dogs following 24 
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hours of preservation19 ,65. The period over which these 

hearts have maintained circulatory support has ranged from 

between a few hours to the time when the heart is rejected, 

usually approximately seven days following transplantation. 

Results of this research have led some investigators to 

suggest that the successful performance of the heart upon 

transplantation is related to the coronary flow rate during 

the preservation period 13 ,19,34,66. Based on the 

observation that the animals which survived the longest 

received hearts with the highest coronary flow rates 

following preservation, Copeland and associates19 suggested 

that myocardial failure following transplantation may be 

due to microvascular failure during the preservation 

period. These observations are consistent with the results 

presented in the previous chapter, which provided further 

evidence that microvascular function during preservation 

determines, to a significant degree, the levels of 

functional recovery. It was also suggested that the loss 

of contractility in isolated hearts following preservation 

is caused, at least in part, by myocardial ischemia which 

develops despite continuous perfusion with an oxygenated 

solution. 

The studies presented in this chapter examine possible 

mechanisms for the observed decreases in microvascular and 
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contractile function in isolated rabbit hearts which have 

been hypothermically preserved via low-pressure perfusion 

for a period of 24 hours. The role of the perfusion 

pressure will be evaluated as a possible mechanism for 

decreased microvascular function during the preservation 

period; and the role of lipid peroxidation, secondary to 

ischemia will be examined as a possible mechanism for 

decreased contractility of the preserved hearts following 

the preservation period. 

Materials and Methods 

The methods for preservation, assessment of contractile 

function and assessment of microvascular function are 

described in Chapter 3, pages 60 - 73. The composition of 

the perfusates and solution used are described on pages 74 

and 75. 

Experimental Protocol 

Twelve hearts were arrested and preserved for 24 hours. 

Coronary flow rates were measured at 0.5 hours and 24 

hours. At the end of the preservation period, six hearts 

were infused with the India ink solution and analyzed for 

TBA reactive species. The remaining six hearts were 
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assessed for contractile function on the modified 

Langendorff apparatus, then analyzed for TBA reactive 

species. The levels of TBA reactive species were related 

to the percent decrease in coronary flow rates measured at 

0.5 and 24 hours in all twelve hearts. Microvascular 

function was related to the level of TBA reactive species 

measured in the six hearts infused with the India ink 

solution; contractile function was related to to the level 

of TBA reactive species measured in the six hearts assessed 

for contractile function. 

Measurement of Thiobarbituric Acid Reactive Species. 

The involvement of lipid peroxidation as a mechanism for 

decreased contractile function of preserved hearts was 

evaluated by comparing the levels of a marker of lipid 

peroxidation in the tissue to coronary flow rates, 

percentage of filled microvessels, and left ventricular 

function in isolated hearts following preservation. Levels 

of lipid peroxidation in the myocardial tissue were 

estimated by measurement of thiobarbituric acid (TBA) 

reacting substances (generally thought to be 

malondialdehyde (MDA), a by-product of the peroxidation of 

polyunsaturated lipids). The assay was a modification of 

the method of Ohkawa and associates6l designed to measure 
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products in the tissue which have reacted with TBA to give 

a red species absorbing at 532 nm. Following preservation 

and/or India ink infusion, one gram of tissue was taken 

from the left ventricular free wall, and washed in ice-cold 

0.9% NaCl. Tissue homogenates were prepared in a ratio of 1 

g of wet tissue to 9 ml of 1.15% KCl by using a Polytron 

Tissue Homogenizer. Triplicate samples containing 0.2 ml 

of 8.1% sodium dodecyl sulfate (SOS), 1.5 ml of 20% acetic 

acid (pH 3.5), 1.5 ml of 0.8% TBA in water and 0.2 ml whole 

tissue homogenate were brought to a final volume of 4.0 ml 

with purified H20 and heated for 60 minutes in heating 

blocks held at 95° C. The samples were then centrifuged at 

5000 g for 15 minutes, after which the absorbance of the 

supernatant was measured at 532 nm. Triplicate blank 

samples, containing the identical components of the sample 

tubes minus the tissue sample, were prepared and run with 

the experimental samples. Using standard Bio-rad 

techniques for assay of the protein concentration in the 

tissue, the amount of protein in the tissue sample was 

calculated. 

Levels of TBA (+) reactive material/pg protein were 

calculated using tetramethoxypropane (TMP) as the external 

standard. standard curves ranging from 0 to 8 nM TMP were 

run for each tissue sample. Additionally, to verify the 
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level of extraction of TBA(+) reactive substances from the 

tissue, triplicate tissue samples containing known levels 

of TMP were run, and the percent recovery of TBA(+) 

reactive substances in the tissue calculated for each 

experiment. The absorbance at 532 nm of triplicate samples 

containing tissue and a known amount of TMP were prepared 

as described above. The absorbance of the triplicate 

tissue samples was subtracted from the absorbance of the 

tissue plus TMP. The absorbance of the same amount of TMP 

was then divided into the difference between the tissue 

plus TMP sample and the tissue sample to obtain the percent 

recovery of TBA+ material. The mean percent recovery for 

the preserved hearts (n = 12) was 97 ± 2%, and for the 

control hearts (n = 5) 96 ± 2%. TBA(+) levels were 

compared to the percentage of filled vessels in several 

hearts and to the left ventricular function of other hearts 

to establish whether levels of lipid peroxidation are 

related to microvascular and contractile function of 

preserved hearts. 

statistical analysis 

From the pressure-volume plots, the systOlic pressure 

(SP) at 10 mmHg diastolic pressure (DP) was calculated as 

the measure of contractility for each heart. Two-factor 
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analysis of variance (ANOVA) was used to compare the 

percentage of filled vessels in the control and preserved 

hearts infused with India ink from 13 and 80 mmHg. Values 

are expressed as the mean ± standard error. Relationships 

between recovery of contractile function and TBA (+) 

material in the tissue, microvascular function and TBA (+) 

material in the tissue, and coronary flow rates of 

preserved hearts and TBA (+) material in the myocardium 

were examined by calculating the Pearson product-moment 

correlation coefficient, r. Differences were considered 

significant at p < 0.05. 

Results 

The final objective of this study was to identify 

mechanisms which may contribute to the compromised 

microcirculatory and contractile function in this 

experimental model. On the basis of the results obtained 

from the preceding studies, two mechanisms which may 

contribute to decreased microvascular and contractile 

function in preserved hearts were examined: 1) inadequate 

perfusion pressure during preservation; and 2) lipid 

peroxidation occurring as a consequence of myocardial 

ischemia during preservation. 
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To test the hypothesis that inadequate perfusion 

pressure during the preservation period results in non

uniform perfusion of the microvasculature during 

preservation, control (freshly isolated) and preserved 

hearts were perfused with an India ink solution at 

pressures of 13 mmHg and 80 mmHg. Control hearts were 

examined to determine whether a pressure of 13 mmHg was 

adequate to allow for the complete perfusion of all 

coronary vessels. Preserved hearts were perfused with 

India ink from pressures of 13 and 80 mmHg to determine 

whether increased perfusion pressure would increase 

microvascular filling of preserved hearts. 

It was found that there is a significant difference in 

the percentage of filled vessels between the control and 

preserved hearts (p < 0.002) which is not the result of the 

differences in the perfusion pressures (p < 0.48). Control 

hearts perfused with ink from 13 and 80 mmHg exhibited 94 ± 

2% and 99 ± 1% perfused vessels, respectively. These 

values are not different from each other, and represent 

vessel counts of total and filled vessels in the control 

hearts perfused with ink from 13 mmHg was 1373 ± 74 and 

1302 ± 87. The mean number of vessels in the control 

hearts perfused with the India ink solution at 80 mmHg was 

1411 ± 154 vessels; 1388 ± 142 of these vessels were 
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perfused. These results suggest that 13 mmHg perfusion 

pressure is adequate to fill the microvasculature in 

control hearts (Figure 19). 

Hearts preserved 24 hours followed by ink perfusion 

from 13 mmHg had 67 ± 8.7 % of the microvessels filled 

following preservation; the preserved hearts perfused at 80 

mmHg exhibited 71 ± 9.5 % filling of the microvasculature. 

These values were not different from each other; however, 

they were significantly less than the percentage of 

perfused vessels in the control hearts perfused with ink at 

13 and 80 mmHg. These values correspond to mean total and 

filled vessel counts of 1519 ± 72 vessels/mm2 and 1016 ± 

141, respectively, in preserved hearts perfused at 13 mmHg. 

The mean number of total vessels in preserved hearts 

perfused at 80 mmHg was 1594 ± 76 vessels/mm2; the mean 

number of filled vessels was 1177 ± 117 vessels/mm2 (Figure 

19) • 

The results of these experiments do not support the 

hypothesis that inadequate perfusion pressure results in 

decreased microvascular function during preservation. 

Rather, these data demonstrate that 13 mmHg is an adequate 

perfusion pressure to provide for essentially complete 

filling of the microvasculature during preservation. 
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To test the hypothesis that lipid peroxidation, 

occurring as a consequence of ischemia during the 

preservation period, results in irreversible injury to the 

myocardial tissue and decreased contractile function of 

isolated hearts following long-term, hypothermic, perfused 

preservation, TBA+ material was measured in control and 

preserved hearts. The mean level of TBA(+) reactive 

species in freshly isolated arrested control hearts (n = 5) 

was 6 ± 0.9 nmol/microgram protein as compared to 9 ± 1.1 

nmol/microgram protein in the hearts preserved for 24 hours 

(n = 12, P < 0.05). This observation suggests that a 

significant amount of lipid peroxidation occurs during 

preservation. 

In those hearts assessed for microvascular function, an 

inverse relation was found between the percentage of filled 

microvessels and the amount of TBA+ material measured in 

the tissue (Figure 20). Additionally, the levels of TBA+ 

material were found to increase as the coronary flow rates, 

measured at 30 minutes and 24 hours, decreased (Figures 21 

and 22, respectively). These data suggest that, as the 

number of perfused vessels is decreased, the level of 

irreversible damage due to lipid peroxidation of the tissue 

increases. These conclusions are supported by the finding 
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that the contractile function of preserved hearts decreases 

as the levels of TBA reactive species in the tissue 

increase (Figure 23). 
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Figure 19. comparison of contro1 and preserved hearts 

perfused with an India ink solution at 13 and 80 mmHg. 
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Figure 20. Relationship between microvascular function 

and TBA (+) material in the tissue. There was an inverse 

relationship (p < 0.005) between the percentage of filled 

microvessels and the amount of TBA (+) material measured in 

the tissue (y = -1.36(X) + 1.73; r2 = 0.85). Initial flow 

rates in these hearts averaged 1.3 ± 0.18 ml/(min * initial 

g wet weight), as compared to mean final flow rates of 0.7 

± 0.17 ml/(min * initial g wet weight). 
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Figure 21. Relationship between the percent decrease 

from the initial to the final coronary flow rates and the 

levels of TBA (+) species in preserved hearts. The levels 

of TBA (+) material and the percentage that the coronary 

flow rates dropped from the initial to final levels were 

positively correlated. The equation for the line was y = 

.009(x) + 6.19, r2 = 0.32 (p < 0.05). The average flow 

rates dropped from 1.2 ± 0.1 ml/(min * initial g wet 

weight) initially, to 0.8 ± 0.1 ml/(min * initial g wet 

weight) at the end of preservation. The mean decrease in 

the coronary flow rate was 35 ± 7%. 
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Figure 22. Relationship between the percent decrease in 

the coronary flow rates at one-half hour preservation time 

and the levels of TBA (+) species in preserved hearts. 

There was a positive correlation (p < 0.05) between the 

immediate decrease in coronary flow rates and the amount of 

TBA (+) material measured in the tissue (y = 0.014(x) + 

6.72; r2 = 0.253). Mean initial flow rates were 1.2 ± 0.1 

ml/{min * initial g wet weight); thw mean flow rate at 0.5 

hours was 1.1 ± 0.1 ml/(min * initial g wet weight). The 

mean decrease in the coronary flow rate was 18 ± 4%. 
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Figure 23. Relationship between recovery of contractile 

function and TBA (+) material in the tissue. There was an 

inverse relationship (p < 0.05) between the systolic 

pressure measured at 10 mmHg diastolic pressure and the 

level of TBA reactive species measured in the tissue. The 

equation of the regression line was y = -7.13(x) + 142.3, 

r2 = 0.59 (p < 0.05). Initial flow rates averaged 1.2 ± 

0.12 ml/(min * initial g wet weight). The mean final flow 

rate was 0.9 ± 0.13 ± (min * initial g wet weight). 
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Discussion 

It was previously reported that microvascular function 

during long-term, hypothermic, perfused preservation 

determined the level of functional recovery of isolated 

rabbit hearts (Chapter 3). Data were presented which 

demonstrated that hearts preserved 24 hours recovered as 

well (or as poorly) as those preserved 8 hours, dependent 

on the decreases in coronary flow rate occurring early in 

the preservation period (within 30 minutes). It was 

suggested that the magnitude of the decrease in coronary 

flow rate at one-half hour of preservation time was 

reflective of the magnitude of ischemia the tissue was 

exposed to throughout the remainder of the preservation 

period. Moreover, despite continuous perfusion with an 

oxygenated solution throughout the preservation period, the 

extent and duration of the ischemic period may be more 

critical to the survival of the heart than the absolute 

duration of the preservation period. 

The studies presented in this chapter evaluated the 

role of low perfusion pressure (13 mmHg) as a mechanism for 

decreased microvascular function during the preservation 

period. Additionally, the role of lipid peroxidation as a 

cause of irreversible tissue injury resulting in 
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compromised functional recovery of preserved hearts was 

examined. 

A possible mechanism for the reduction of coronary flow 

during preservation is the low pressure at which the 

perfusate is administered to the isolated hearts throughout 

the preservation period. The pressure at which these 

hearts were perfused was 18 cmH20 (approximately 13 mmHg). 

This perfusion pressure was selected in order to maintain a 

balance of the Starling forces during preservation. 

Normally, when blood fills the vessels, the balance of 

these forces favors the net filtration of approximately 

0.25% of fluid from the capillaries, much of which 

(approximately 90%) is reabsorbed at the distal ends of the 

capillaries. The remainder of the filtered fluid returns 

to the blood via the lymphatic system25 • In the case of 

the preservation setting, a low hydrostatic pressure is 

used in order to compensate for the absence of effective 

osmotic pressure in the microvasculature, inherent in the 

use of crystalloid cardioplegic solutions. However, it was 

not known whether 13 mmHg is, in fact, adequate for 

complete filling of the microvasculature throughout an 

extended period of hypothermic perfusion. If the perfusion 

pressure of 18 cmH 2 0 is insufficient to provide for 
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sufficient flow through the coronary vasculature during the 

preservation period, the observed decreases in coronary 

flow during preservation could at least, in part, be 

accounted for. 

The adequacy of 13 mmHg to provide for the complete 

filling of the microvasculature was evaluated by perfusing 

control and preserved hearts with an India ink solution 

from pressure-heads of 13 and 80 mmHg. The results of 

these studies indicate that, while there are significant 

differences in the percentages of filled microvessels 

between control and preserved hearts, these differences are 

a function of preservation, and are independent of the 

perfusion pressure. Based on these data, it appears that 

13 mmHg is an adequate perfusion pressure to provide for 

complete filling of the microvasculature with the 

crystalloid cardioplegia, and thus, does not account for 

the apparent myocardial ischemia which occurs during 

preservation. 

Regardless of the mechanism by which ischemia occurs 

during the perfused preservation period, it is essential to 

identify mechanisms of damage which occur as a consequence 

of impaired flow to provide for inhibition of irreversible 

tissue damage due to ischemia. During ischemia, lipid 
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peroxidation, mediated by the generation of free radicals, 

occurs via several mechanisms. These mechanisms include: 

1) the effect of catecholamine excess54 ,79; 2) switch-off 

of the mitochondrial respiratory chainlO ,29,54; and 3) 

ca++-mediated enhancement of arachidonic acid cascade and 

activation of phospho1ipases. To determine whether lipid 

peroxidation occurs during preservation, TBA reactive 

species present in the tissue were measured. 

It was found in the present study that the percentage 

of filled microvesse1s at the end of the preservation 

period is inversely related to the amount of measured TBA 

(+) material (principally ma10ndia1dehyde, a by-product of 

lipid peroxidation) in the tissue. Moreover, the levels of 

lipid peroxidation were found to be related not only to the 

percent decrease from the initial to the final coronary 

flow rates, but, more importantly, to the immediate losses 

in coronary flow. The implications of these findings are, 

as the magnitude of the ischemic insult increases so does 

the level of lipid peroxidation in the tissue. Moreover, 

that the recovery of left ventricular function is lowest in 

those hearts which exhibited the highest levels of lipid 

peroxidation. 

These results support the hypothesis that lipid 
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peroxidation, occurring as a consequence of ischemia, 

results in irreversible tissue damage and compromised 

ventricular function in isolated hearts following long

term, hypothermic, perfused preservation. These results do 

not, however, establish a cause and effect relationship 

between lipid peroxidation and microvascular dysfunction. 

Rather, it appears that vascular dysfunction may result in 

ischemia with consequent lipid peroxidation of the tissue. 

This conclusion is supported by the results of experiments 

in which measured levels of TBA reactive species in 

preserved hearts with high final coronary flow rates were 

no different than that measured in control hearts. In 

contrast, comparatively high levels of TBA (+) products 

were measured in hearts with low final coronary flow rates. 

These data suggest that maintenance of microvasculature 

integrity throughout preservation will minimize 

irreversible damage to the myocardium, resulting in 

improved recovery of contractile function following 

preservation. Identification and inhibition of mechanisms 

which contribute to microvasculature dysfunction during 

preservation should, therefore, result in improved 

functional recovery of preserved hearts. 

A possible mechanism which may result in inadequate 

perfusion of the microvasculature is the absence of 
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effective osmolarity in the vasculature, resulting in 

excessive interstitial edema and microvascular compression. 

The addition of high molecular weight compounds, such as 

albumin, to crystalloid perfusates would increase the 

effective osmotic pressure in the vasculature, and, 

therefore, should reduce vascular permeability, excessive 

interstitial edema and microvascular compression. 

MCDonagh52 has demonstrated that the addition of 2% bovine 

serum albumin (BSA) to a modified crystalloid Krebs

bicarbonate solution results in decreased vascular 

permeability of perfused rat hearts. In addition to the 

reduction of permeability in the coronary vasculature via 

increased intravascular osmotic pressure, McDonagh 

speculated that the addition of BSA to the perfusate 

results in a "protein effect" which is essential to the 

maintenance of the vascular endothelium. Thus, perfusion 

with crystalloid cardioplegic solutions may provide 

inadequate protection to the vascular endothelium during 

preservation, contributing to microvascular dysfunction. 

This conclusion is supported by the work of Armitage 

and pegg4 in which the efficacy of various colloidal agents 

in preventing edema formation and sustaining the 

contractile function of the perfused myocardium was 

quantified. It was found that a solution containing 10% 
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rabbit serum with an osmotic pressure of 1.95 cm H20 

(normal colloid osmotic pressure = 34 cm H20) was 

successful in significantly reducing edema and sustaining 

the contractility of isolated rabbit hearts relative to 

that observed with crystalloid solutions. Based on the 

results of this study, Armitage and Pegg concluded that 

while edema may be a factor limiting the perfusion of 

isolated hearts, the primary requirement for a perfusate is 

the maintenance of the coronary vascular endothelium. 

contracture of arteriolar smooth muscle may also be a 

contributing mechanism which results in inadequate 

perfusion of capillary beds of preserved hearts. 

sutherland79 reported that excision of the heart results in 

the release of catecholamines systemically. Resultant 

contracture of the coronary arterioles as a result of this 

release could contribute to decreased microvascular 

perfusion and ischemia during preservation. The addition 

of vasoactive agents such as adenosine may inhibit the 

effects of this catecholamine, resulting in increased 

microvascular perfusion during preservation. 

The exposure of the heart to varied periods of 

normothermic ischemia during the isolation procedure may 

result in observed decreases in the coronary flow rate very 
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early in the preservation period, resulting in inadequate 

perfusion of the myocardium throughout the preservation 

period. The implementation of surgical techniques 

designed to minimize exposure of the heart to normothermic 

ischemia during isolation of the heart may result in 

improved microvascular function during preservation. 

The generation of free radicals during preservation and 

upon transplantation may result in microvascular 

dysfunction and decreased contractility of isolated hearts 

following preservation. stewart, et al. 78 , reported 

significant improvements the left ventricular function and 

endocardial blood flow in hearts which were preserved and 

assessed with the SOD-containing solutions. They also 

found that the production of TBA reactive species 

(primarily malondialdehyde) was significantly reduced in 

hearts treated with SOD. Stewart and co-workers concluded 

that free radical scavengers may prove beneficial in 

prolonging the viable hypothermic ischemic time of isolated 

hearts. 

These conclusions were supported by the work of Jurmann 

and associates40 • Modeling their experiments after the 

present clinical setting for myocardial transplantation, 

Jurmann and co-workers found that the addition of 
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superoxide dismutase and catalase to the reperfusate 

significantly improved left ventricular function as well as 

the coronary flow rates of isolated pig hearts following 15 

minutes of reperfusion. 

Using the free radical scavengers allopurinol and 

catalase, Myers and et al. 59 found significant improvements 

in the contractile function of isolated rabbit hearts 

following two hours of global ischemia at 27° C. Using 

isolated rat hearts, Menasche, et al. 55 also reported 

improved functional recovery following supplementation of 

the standard cardioplegia with deferoxamine. The results 

of these studies suggest that various free radical 

scavengers have been found to be protective to the globally 

ischemic myocardium. 

The problem of free radical generation during 

hypothermic perfused preservation of isolated hearts has 

been addressed by Miller, et al. 57 in a study in which free 

radical generation durinipreservation was inhibited by 

manipulation of the redox potential during preservation. 

It was found that the function of orthotopically 

transplanted canine hearts was improved by controlling the 

oxidation-reduction potential of the perfusate during 

preservation. Based on the results of experiments in 
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which the generation of free radicals was measured 

following hypothermic perfusion of isolated canine hearts 

for 72 hours, Bando, et al. S reported that the generation 

of free radicals is not significant during preservation. 

They found, however that pretreatment of donor animals with 

allopurinol resulted in improved functional recovery of 

hearts upon orthotopic transplantation due to protection 

against free radical-induced injury upon reperfusion. 

Results of studies which report improved functional 

recovery of preserved hearts following inclusion of various 

free radical scavengers support the hypothesis that the 

generation of free radicals during preservation, upon 

reperfusion, or both, results in irreversible damage to the 

myocardium and compromised functional recovery of preserved 

hearts. Inhibition of mechanisms responsible for the 

generation of free radicals, either by the addition of free 

radical scavengers, manipulation of the redox potential, or 

the maintenance of the coronary microvasculature to 

minimize the ischemic insult during perfused preservation, 

therefore, appears to be necessary for the successful long

term preservation of isolated hearts. 
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Conclusions 

The final objective of this study was to identify 

mechanisms which may contribute to the compromised 

microcirculatory and contractile function in this 

experimental model. Two mechanisms which may contribute to 

decreased microvascular and contractile function in 

preserved hearts were examined: 1) inadequate perfusion 

pressure during preservation; and 2) lipid peroxidation 

occurring as a consequence of ischemia during preservation. 

Results of the experiments presented in this chapter 

demonstrate that the low-pressure (13 mmHg) at which the 

isolated rabbit hearts were hypothermica11y perfused for 24 

hours is adequate to provide for complete filling of the 

microvasculature with a non-sanguinous solution. It does 

not, therefore, appear that this is a contributory 

mechanism for ischemia during preservation. 

It is also concluded that despite continuous perfusion 

with an oxygenated solution, irreversible tissue damage as 

the result of ischemia-induced lipid peroxidation results 

in compromised contractile function of isolated rabbit 

hearts following 24 hours of low-pressure, hypothermic, 

perfused preservation. 
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CHAPTER 5 

CONCLUSIONS 

Implications for Future Research 

The objectives of this research project, stated in 

Chapter 2, were (in isolated rabbit hearts): 1) to 

quantify the loss of coronary flow experienced during 

preservation via hypothermic perfusion at low pressure: 2) 

to quantify the relationship between the magnitude of 

reduction in coronary flow and the level of functional 

recovery in preserved hearts: 3) to quantify and 

characterize coronary flow reduction at the level of the 

microvasculature and determine whether there is a 

relationship between microvascular perfusion and 

contractile dysfunction in preserved hearts; and, 4) to 

identify mechanisms that may contribute to compromised 

microcirculatory and contractile function in this 

experimental model. 

The results of experiments designed to meet the first 

three objectives revealed that the recovery of contractile 



130 

function in preserved hearts decreases as a function of 

decreases in coronary flow rates at the end of the 

preservation period; and, further that decreases in the 

coronary flow rate at 30 minutes of preservation were 

predictive of the level of functional recovery following 

preservation. These experiments suggest that the loss of 

contractility in isolated hearts following preservation is 

due, at least in part, to myocardial ischemia resulting 

from non-uniform microvascular perfusion despite continuous 

supply of an oxygenated solution during preservation. 

To determine whether the microvasculature of preserved 

hearts was uniformly perfused, i.e., functional during 

preservation, the percentage of filled vessels in preserved 

and control hearts was quantified. Measured decreases in 

the percentage of perfused vessels were found to be related 

to the magnitude of the decrease in initial and final 

coronary flow rates. Additionally, non-uniform 

microvascular perfusion at the end of the preservation 

period was demonstrated. These findings support the 

hypothesis that the distribution of flow as well as total 

flow is important during long-term, hypothermic, perfused 

preservation in determining the level of functional 

recovery. 
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Two mechanisms which may contribute to decreased 

microvascular and contractile function in preserved hearts 

were examined in Chapter 4: 1) inadequate perfusion 

pressure during preservation; and 2) lipid peroxidation 

occurring as a consequence of myocardial ischemia during 

preservation. It was determined that the perfusion 

pressure of preserved hearts (13 mmHg) was adequate to 

fully perfuse the microvasculature, and was not, therefore 

a mechanism that contributed to ischemia during 

preservation of these hearts. Results of the studies in 

which the levels of TBA reactive species (a marker of lipid 

peroxidation) in the tissue were determined demonstrated 

that the levels of lipid peroxidation in the tissue were 

related to decreased microvascular and contractile 

function. Moreover, as the magnitude of the decrease in 

initial and final coronary flow rates increased, so did the 

measured levels of TBA+ material in the tissue. These 

results support the conclusion that despite continuous 

perfusion with an oxygenated solution, irreversible tissue 

damage, as the result of ischemia-induced lipid 

peroxidation, results in compromised contractile function 

of isolated rabbit hearts following 24 hours of low

pressure, hypothermic, perfused preservation. 

Future research efforts devoted to extending the 
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preservation period of isolated hearts for transplantation 

should continue to focus on possible mechanisms of damage 

during preservation. The results presented in the 

preceding chapters demonstrate that the role of the 

microvasculature is critical in preserving myocardial 

function. Thus, it appears that research efforts directed 

at inhibiting mechanisms responsible for microvascular 

failure during preservation will result in improved 

contractile function following preservation. 

A few of the possible mechanisms for compromised 

microvascular function (and future research) include: the 

absence of effective osmolarity in the vasculature, 

resulting in excessive interstitial edema and microvascular 

compression; damage to the vascular endothelium by 

crystalloid perfusates; contracture of the smooth muscle in 

the arterioles, resulting in the absence of flow in 

capillary beds; the generation of free radicals during 

preservation and upon transplantation; and the exposure of 

the heart to ischemic injury during the isolation 

procedure, resulting in microvascular dysfunction during 

preservation. 

Research strategies directed at inhibiting these 

mechanisms could include: increasing the osmolarity of the 
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perfusate with a high molecular weight compound; protecting 

the vascular endothelium by the addition of albumin to the 

perfusate; adding a vasodilator to the perfusate; the 

inclusion of free radical scavengers such as allopurinol, 

superoxide dismutase and catalase to inhibit the generation 

of free radicals during preservation and upon reperfusion 

with blood; and modification of the isolation procedure to 

eliminate exposure of the heart to warm ischemic time prior 

to preservation. Systematic evaluation of these and other 

mechanisms thought to be responsible for decreased 

contractility of hearts consequent to decreased 

microvascular function during preservation could contribute 

to techniques for donor heart preservation, thus improving 

graft and patient survival following transplantation. 
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