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ABSTRACT 

Restoration ofblood flow to the ischemic n^ocardhunis the most effective approach 

to limit necrosis. However, it appears that the act of reperfiision causes additional tissue 

damage, and this condition is known as n^ocardial reperfiision injury. It is well established 

that leukocytes contribute to additional myocyte and vascular mjury during reperfiision, and 

that this injury occurs within the first minutes of flow restoration. A great deal is known 

about the leukocyte contribution to myocardial reperfiision injury. However, the 

mechanisms imder which leukocytes accumulate in the coronary microcirculation during 

eaify reperfiision are unclear. The purpose of these studies was to identify the mechanisms 

of leukocyte accumulation in the coronary microcirculation during early reperfiision 

following ischemia. Using direct visualization techniques, it was observed that leukocyte 

accumulation hi coronary capillaries and venules during the first minutes of reperfiision 

differs with respect to the magnitude and persistence of accumulation. During reperfiision, 

significant leukostasis m coronary capillaries occurs in the absence ofblood activation, and 

is significantly enhanced wiien the blood is activated and >^en the reperfiision blood flow 

is moderate^ reduced. Also, the resuhs indicate that postischemic capillary leukostasis can 

be attenuated by mcreasmg leukocyte deformability and by mhibition of P- and L-selectm 

adhesion molecules. In contrast, leukocyte adhesion to the coronary venules during 

rq)eifiision is not significantly increased \^dien the blood is not activated and returned at fiill 

flow. However, leukocyte adhesion to the venules is enhanced w^en the blood is activated 

or \^en reperfiision blood flow is severely reduced. In addition, under conditions of low 

reperfiision blood flow, leukocyte adhesion to the venules is attenuated by P- and L-selectin 
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adhesion molecule inhibition. In these experiments, leukocytes remained in the capillaries 

longer than they remained in the venules during reperfiision. These results indicate that the 

degree to v^Mch leukocyte accumulation occurs m postischemic capillaries and venules is 

dependent upon the conditions of reperfiision. The resuhs of this study also suggest that 

attenq)ts to hmit early nQrocardial leukocyte-mediated reperfiision injury should consider 

leukocyte defonnability, the state of activation of the leukocyte, reperfiision blood flow, and 

selectin-mediated adhesion events. 
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CHAPTER 1. INTRODUCTION 

Coronary Artery Disease 

Prevalence 

Disease of the heart and blood vessels, cardiovascular disease, is not a contenq)orary 

condition. Using sophisticated histological techniques, researchers recently confirmed that 

Egyptian mummies had evidence of atherosclerosis, and that this disease of the blood vessels 

probably followed the same course as it does in modem-day humans [1]. Today, 

cardiovascular disease (CVD) is the single leading cause of death in the United States [2-4], 

and is responsible for more than 42% of all deaths m the U.S. every year [3,4]. It is 

estimated that more than one in four Americans have one or more types of cardiovascular 

disease [3]. Major cardiovascidar diseases include coronary heart disease (manifested as 

angina and/or myocardial niiarction), cerebrovascular disease (manifested as stroke), 

hypertension, congestive heart failure, and cardiac arrhythmias. Other cardiovascular 

diseases inchide cardiomyopathy, congestive heart &ilure, rheumatic heart disease, bacterial 

endocarditis, congenital heart defects, and valvular heart disease [2,3]. In 1993, all forms 

of cardiovascidar disease claimed 954,138 American lives [2,3]. 

In particular, coronary heart disease, also referred to as coronary artery disease, 

caused 489,970 deaths in the United States in 1993 [3]. Atherosclerosis, a process that 

describes the chronic obstructive disease of the coronary arteries and subsequent 

intravascular thrombotic processes, is the most common cause of coronary heart disease in 

adults [5,6]. Obstmction of the coronary arteries results m a reduction m blood and oxygen 

delivery, or in severe cases, an absence of blood flow, to the myocardium. The absence or 
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reduction in blood flow to the heart is termed myocardial ischemia. The major consequence 

of prolonged ischemia is myocardial cell death, termed myocardial in&rction [5]. 

Myocardial in&rction (heart attack) is the major cause of death after the age of 40 years in 

men and 64 years in women [2,7]. This year, as many as 1,500,000 Americans will have a 

new or recurrent myocardial in&rction [2]. Coronary artery disease is an increasingly 

burdensome problem in the elderly. After the age of 64 years, the mcidence of coronary 

artery disease tr^les in women and ahnost doubles in men [7,8]. In addition, coronary artery 

disease is expensive. The cost of diagnosis and treatment of coronary artery disease ranks 

among the highest per U.S. hospital admission [4,9]. According to National Heart, Lung 

and Blood Institute estimates, in 1988, coronary heart disease cost 21 billion dollars in direct 

costs (medical care) and 31 biUion dollars in mdirect costs (loss of productivity from 

disability or death) [7]. 

Prevention and risk factors 

A great deal of progress has been made in the prevention of coronary artery disease. 

Primary prevention of coronary artery disease depends on the identification of &ctors that 

predict an individual's likelihood of developing the disease, hi 1948, a study was initiated 

by the Division of Chronic Disease of the United States Pubhc Health Service in 

Framingham, Massachusetts, to examine the epidemiology of cardiovascular disorders [10]. 

The first two Framingham reports identified traits or characteristics of an individual that 

would predict that individual's probability of developing CAD. These "risk fectors", as they 

were termed by Doyle in 1963 [11], included high serum cholesterol, hypertension, being 
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male, and smoking. E>uring the next two decades, similar longitudinal studies were 

conducted, hi 1978, data from five of these major studies were combined in a study known 

as the Pooling Project Research Group Report [12]. The results of this study confirmed the 

Framingham results, and added diabetes mellitus as a risk factor for coronary heart disease. 

Factors that predict the risk of coronary heart disease have been subsequently refined. Family 

history of coronary heart disease, particularly a history of precocious events, has been 

identified as a strong predictor of risk of CAD, independent of other known risk &ctors [13], 

Hyperlipidemia, a lack of physical activity, and obesity (through it's association with 

hypertension and diabetes), have also been strongly associated with an mcrease risk of 

coronary artery disease [14]. Con^elling evidence indicates that modification of the major 

risk factors can reduce the risk of coronary artery disease [15], There are additional 

proposed risk factors of coronary heart disease, such as plasma fibrinogen levels, gene 

polymorphisms that affect lipid metabolism and blood pressure, and homocysteinemia 

[14,15]. The white blood cell, or leukocyte, has been associated with cardiovascular 

diseases for over four decades [14,16]. As earfy as 1954, Cole et aL [17] reported that 

no^ocardial infarction (MI) patients with an elevated leukocyte coimt were at risk of death 

in the first two months that was four times greater than MI patients with a normal leukocyte 

count. Lowe et aL [18] later reported that this observation could be extended to patients 

with stroke. In 1974, Friedman et aL [19] reported that the leukocyte coimt was a predictor 

of myocardial in&rction in nonsmokers. TTiese results were verified several years later, A\dien 

Zalokar et aL [20] identified the leukocyte count as a predictor of myocardial in&rction in 

both smokers and nonsmokers. 
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Treatment 

Di addition to the identification and modulation of risk Actors for CAD, significant 

advances have been made with respect to the treatment of severe coronary artery disease. 

The goal of treatment for myocardial in&rction is the prevention of myocardial cell death, 

and is accomplished by restoring blood flow to the heart as quickly as possible and by 

optimizing the reperfiision conditions [21]. The restoration of blood flow to the ischemic 

heart is termed n^ocardial reperfiision. In the United States, current therapies available to 

reperfiise the ischemic myocardium include thrombolysis [22], angioplasty [23], and cardiac 

revascularization (coronary artery bypass) [24]. In 1993, 398,000 angioplasty procedures 

and 485,000 cardiac bypass procedures were performed in the United States [3]. 

The transplanted heart also undergoes reperfiision. Cardiomyopathy, caused by 

coronary artery disease and other etiologies, and congenital heart defects are diseases of the 

heart that afifect thousands of individuals. In 1992,24,573 people died from cardiomyopathy 

and 5,508 died from congenital heart defects [3]. Cardiomyopathy is the major indication 

(49%) for heart transplantation in both adults and children, and in 1994, more than 2,300 

heart transplants were performed in the U.S. [3]. fii adults, coronary artery disease 

accoimts for 41% of the primary indications for transplantation, wMe congenital heart 

disease accoimts for 44% of the indications in children [25]. 

It is important to note that the current medical therapies for severe coronary heart 

disease, that is, thrombolysis, angioplasty, coronary bypass and heart transplantation, all 

inchide a period of ni^ocardial ischemia followed by reperfiision. Ideally, blood is returned 

to the ischemic heart as quickly as possible. However, in humans, several hours may elapse 
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before reperfusion occurs. For exa]iq)le, there is an average 3.7-h delay before a patient with 

symptoms receives reperfusion with thrombolytic therapy [26], In addition, approved 

guidelines for performing primary angioplasty for acute n^^ocardial miarction with continued 

symptoms or with cardiogenic shock, allow a delay of up to 12 hours before reperfusion 

occurs [27], With respect to heart transplantation, donor hearts used for transplantation 

may experience an ischemic period of four hours or longer without blood flow before they 

are reperfused [28]. Thus, the delay-to-treatment may represent extended periods of 

myocardial ischemia. The goal of the treatments described above is restoration of blood 

flow to the myocardium. Smce current estimates suggest that more than 875,000 of these 

procediu'es are performed every year, this number of patients will experience myocardial 

ischemia and reperfusion. 

The advances in the prevention and treatment of cardiovascular diseases have 

inq}roved life expectancy. There has been over a 50% decline in the age-adjusted death rate 

since the peak in 1963, with a rate of decline of about 3-4% per year until 1993 [3,7]. 

Because cardiovascular disease causes almost one half of all deaths, declines in these 

diseases were mainly responsible for the improvement in life expectancy. Life expectancy 

of a person bom in 1900 was 49.2 years, wMe life e?q)ectancy for a person bom m 1991 will 

be75.5 years [29]. The decline in mortality from heart disease smce the mid-1960's is most 

likely due to a combination of factors, including the modification of risk factors and the 

result of in^roved care [15,30]. However, in 1993, this trend reversed and total deaths from 

CVD significant^ increased [3]. This rise is due, in part to an mcrease in the age of the total 

United States population, particularly the middle-aged and older population. Di addition. 
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improved medical treatments have resulted in an increase in the number of people who have 

survived previously fatal cardiovascular events. These individuals are now dying of 

subsequent cardiovascular illnesses, such as congestive heart &ihire [3]. As a result, the 

number of people undergoing treatments for severe heart disease is increasing. With respect 

to heart transplantation, strategies to increase the size of the heart donor pool and to 

optimize donor-rec^ient matching are actively being evaluated. The goal of these efforts 

is to increase the number of people who receive heart transplants. Current estimates 

indicate that there are about 35,000 potential candidates for heart transplantation, while 

there are onfy 12,000 potential organ donors [28]. Collective^, these trends suggest a higher 

percentage of the U.S. population will sufifer from severe coronary artery disease in the 

future. Assummg that these persons imdergo successful treatment aimed at restoring blood 

flow to the heart, a greater number of Americans will then experience myocardial ischemia 

and reperfusion. 

Introduction to Myocardial Reperfusion Injury 

The return of blood to the ischemic heart is clearly the treatment of choice to limit 

cell death. However, there is evidence to suggest that in humans, wiien blood is returned 

(reperfusion) to the heart after a period of reduced or absent blood flow (ischemia), 

additional injury occurs. This additional injury has been termed "reperfusion injury" [21]. 

E^qierimentally, reperfusion injury has been attenuated by optimizing the conditions of the 

blood and the ischemic heart during flow restoration. However, in humans, treatment of 

reperfusion injury is not universal There are currently no approved Federal Drug 
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Administration therapies for the prevention or treatment of myocardial reperfiision injmy 

[31]. The overall benefits of reperfusion therapies, discussed above, are well documented. 

However, as mentioned, the phenomena of "reperfiision injury" may detract fi'om the benefit 

of blood flow restoration. For example, mortality data firom analyses of the major placebo-

controlled thrombolytic trials in hiunans have demonstrated that there is an "early hazard" 

associated with the use of these agents. During the first day of hospitalization for acute 

n^ocardial m&rction, patients vs^o receive thrombolytic therapy are paradoxical  ̂at higher 

risk for mortality than those not receiving thrombolytics [31,32]. £>uring early reperfiision 

afier angioplasty and cardiac bypass, some patients experience a significant decrease m left 

ventricular fimction that may take hours or days to resolve [33]. In humans. Pearl et aL [34] 

found that reperfiision of transplanted hearts with A^ole blood for the first 10 minutes of 

reperfiision was sufficient to cause significant myocardial ukrastructural and biochemical 

changes. In spite of this evidence, there are currently no accepted guidelines for the 

treatment of reperfiision mjury in humans. In light of the fact that a significant number of 

persons experience myocardial ischemia, reperfiision, and perhaps reperfiision injury, and 

that this number will likely increase, experiments that clearly define the phenomena of 

reperfiision injury are warranted. This definition is the overall aim of this dissertation. The 

topics of myocardial ischemia, myocardial ischemia-reperfiision injury, the leukocyte 

contribution to nQ^ocardial ischemia-reperfiision injuiy, the significance of this study, and the 

specific hypotheses will be presented m the remainder of this chapter. E^qperimental data 

examining the locations and mechanisms of leukocyte accumulation in the postischemic 

coronary microcirculation are presented in Chapters two through five. 
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Myocardial bchemia 

Definition 

Opie states: "Ischemia means too little blood. Myocardial ischemia exists when the 

reduction of coronary flow is so severe that the suppfy of o^Q^gen to the myocardium is 

inadequate for the o>^en demands of the tissue" [6]. However, Hearse [35] notes that this 

traditional definition of myocardial ischemia Ms to take into account the associated 

limitation of the washout of metabolic byproducts (e.g., lactate, carbon dioxide), wUch are 

also in^ortant contributors to ischemic injury. In this dissertation, myocardial ischemia will 

be defined according to Hearse, as sinq)ly "a condition in which coronary blood flow is 

inadequate to permit the maintenance of a steady-state metabolism." 

The pathophysiologic fiictors re^onsible for a reduction in blood supply to the heart 

were not generally imderstood until the late 18th century. In the late 1780's, Edward Jenner, 

an English physician, was the first to attribute angina pectoris to coronary artery disease [I]. 

Today, we know that coronary artery disease is the major cause of a reduction in blood 

siq)ply to the heart. Severe isdiemia, if left untreated, will resuh in myocardial cell death [6] 

which is directly related to the severity and the duration of ischemia, the magnitude of 

collateral blood flow, and to myocardial o^Q^gen consumption (MVO2) [36-41]. The effects 

of ischemia on alterations in cardiac fimction, metabolism, and morphology will be discussed 

below. 
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Effects on cardiac function 

The &ct that cardiac contractility quickly ceased afier coronary artery occlusion was 

an early observation [42,43], In 1935, Tennant and Wiggers [42] described the effect of 

coronary occlusion on myocardial contraction in dogs and reported that the time interval 

between coronary artery ligation and contractile failure was 20-150 seconds. The onset of 

contractile failure occurs even more quickly in animals without collateral blood flow. 

McDonagh and Reynolds [44] reported that in rat hearts, a decrease in contractility occurs 

within the first few heart beats afier coronary flow is stopped. Contractile failure is 

attributed to the inpaired washout of inorganic phosphates, carbon dioxide and protons, as 

well as to the depletion of ATP [45]. 

Effects on metabolism 

hi addition to an abrupt reduction m contractile function, a reduction or cessation 

of blood flow to the nQ^ocardium results in a rapid (within seconds) transition fi'om aerobic 

to anaerobic metabolism. This leads, in turn, to an accumiilation of protons, lactate, and 

inorganic pho^hate [46-48]. Within several minutes, reserves of ATP and phosphocreatine 

(PC) are significantly decreased, and afier 20 minutes of global myocardial ischemia (no 

blood flow to the entire heart) ATP and PC are depleted [49,50]. Hearse et al [50] reported 

that the concentrations of ATP and creatine pho^hate in the normothermic, potassium (16.0 

mM) -arrested heart subjected to 30 mmutes of global ischemia were 11.1 ± 4.2 /imoles/g 

dry weight and 9.4 ± 2.1 /imoles/g dry weight, respectively. Control hearts concentrations 

of ATP and PC were 26.2 ± 1.7 ptmoles/g dry weight and 20.5 ± 1.6 ^moles/g dry weight. 
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respectively. After 30 rmn ofnonnothennic global ischemia in a beating heart, ATP and PC 

levels were 5.3 ± 0.9 ^moles/g dry weight and 2.8 ± 0.4 /:mioles/g dry weight, respectively 

[50]. 

A reduction in the availability of high energy phosphates results in an ahered 

substrate metabolism by the myocardium. Ischemia has a biphasic effect on glycolysis. Mild 

ischemia will stimiilate glycolysis. As the severity of ischemia increases, inhibitory 

metabolites accumulate and gl^col^^ is inhibited [48]. CHucose is a substrate for glycolysis, 

and changes in ghicose utilization can be used as an mdicator of the severity of myocardial 

ischemia [51,52]. Recent studies utilizing metabolic imaging techniques have characterized 

the relationship between cardiac metabolism and myocardial blood flow. Using positron 

emission tomography to assess *^F-2-deoxyglucose (FDG) uptake, Schelbert and Buxton 

[51] reported that regional myocardial metabohsm was increased A\^en blood flow was 

reduced but still greater than 40% of that in normal myocardium. However, M^en blood 

flow was less than 20% of that in normal myocardium, metabolism was inhibited, suggesting 

that the myocardium was severely ischemic. The metabolic data from by Schelbert and 

Buxton suggests that diuing reperfiision, a reduction in blood flow beyond 40% of control 

may actually increase the ischemic insult. 

In addition to altered ghicose metabolism, ischemia also inhibits fatty add oxidation, 

\^ch leads to an accumulation of intracellular lipid metabolites, mcluding free &tty acids, 

acyl CoA, and acyl carnitine [53,54]. Increased levels of these lipid metabolites are 

indicative of increased pho^hol^ase activity and ahered phospholipid metabolism [53,54]. 

An accumulation of these metabolites inhibits membrane pumps and membrane enzyme 
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activity (e.g., mitochondnal translocase). b addition, high concentrations of lipid metabolites 

have been associated with early ischemic arrhythmias [55]. 

Effects on calcium accumulation 

Cytosolic calcimn can increase dming ischemia, although different methodologies 

have produced contradictory results. An early study by Shen and Jennings [56] examined 

the effect of ischemic injury on calcium uptake by dog n^ocardial cells in vivo, using '̂CaClj 

to assess calcium uptake. They found that there was no significant uptake of ^^CaClj after 

60 minutes of ischemia produced by permanent coronary artery occlusion. A later study by 

Steenbergen et aL [57] used the technique of nuclear magnetic resonance (NMR) to measure 

calcium in isolated, ischemic rat hearts. They reported a rise in cytosolic calcium that was 

concurrent with ischemic contracture. Proposed mechanisms for the increase in cytosohc 

calcium during ischemia include the lack of ATP for reuptake of calcium into the 

sacroplasmic reticulum and for extrusion of calcium across the sarcolemma, and increased 

cAMP with enhanced opening of the calcium channel The consequences of the mcreased 

intracellular calcium level during ischemia mclude activation of phospholipases, increased 

membrane depolarization, ischemic contracture, and mitochondrial damage with subsequent 

oxygen wasting [6]. 

Effects on structure 

The structural changes in the myocardium during acute ischemia have also been 

described in detail Afier several minutes of ischemia, the structiiral changes in the myocyte 
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are relativefy benign. Within mmutes of the onset of ischemia, FC" is lost to the extracellular 

flm'H and Na'*' is retained. Some glycogen depletion occurs, but the plasmalemma remams 

intact. Jennings and Ganote [58] described the ultrastructural changes in dog hearts after 

coronary artery occlusion. Hiey found that after 30-40 minutes of ischemia the sarcoplasm 

is swollen, glycogen granules are usually absent, and myofibrils remain regularly arranged 

but contain prominent I bands. I bands, made up of thin filaments from two sarcomeres, and 

bisected by the Z-lines (attachment area for actin filaments), are prominent because the 

ischemic myofibrils are relaxed [5], Some mitochondrial swelling occurs, and the nucleii 

usually e?diibit per^heral aggregation of their chroroatin. Fluid accumulation is seen beneath 

the sarcolerama. Ganote et aL [39] subjected isolated rat hearts to 30 minutes of 37''C, 

substrate-fi'ee, anoxic perfusion. In spite of the fact that the constant perfusion provided 

lactate removal, they found ultrastructural evidence of severe ischemic injury that was 

remarkably similar to the injury observed by Jennings and Ganote in dogs [58]. 

Membrane and subcelliilar damage, described above, may be the initiating factor m 

conq)lement activation that is associated with myocardial ischemia. EBll and Ward [59] were 

among the first to examine the role of the coiiq)lement system in myocardial infarction in 

rats. Hiey identified chemotactica% active fi^gments of the third component of complement 

(C3) m anoxic-damaged rat myocardium. They suggested that the acute inflammatory 

re^onse to myocardial ischemia is a coiiq)lement-dependent reaction due to the release of 

a C3-cleaving tissue protease. Several years later, Pinckard et aL [60] and others identified 

substances in mitochondria-rich subcellular fiactions of heart muscle that could activate both 

the classical and alternate conq)lement pathways in vitro. A series of studies by Rossen et 
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aL [61,62] repoited that myocardial ischemia results in the release of subcellular constituents 

of cardiac muscle that bind to Clq, a subunit of the first con^onent of complement. They 

hypothesized that Clq-binding substances may then activate the complement cascade, w^ch 

may subsequently activate the neutrophil, an event known to have deleterious effects in the 

isdiemic-reperfiised myocardium. Other neutrophil-activating products have been identified 

in the ischemic-reperfiised tr^ocardiumi Studies have suggested that lipoxygenase products 

of arachidonic acid metabolism, such as leukotriene B4 (LTB4), are released fi'om the 

ischemic myocardium and promotes neutrophil sequestration [63]. 

Myocardial Ischemla-Reperfusion Injury 

Definition 

The observation that reperfiision of the ischemic myocardium might cause injury in 

addition to the ischemic injury may have been made as early as 1935, ^^ilen Tennant and 

A^ggers [42] reported that ventricular fibrillation occurred dxiring reperfiision of dog hearts. 

In 1960, Jennings and colleagues [38] reported the first detailed studies of the effects of 

reperfiision on ischemic myocardium. Over the next 30 years, many investigators have 

examined the multifaceted phenomena of myocardial reperfiision mjury. It is now widely 

befieved that restoration of myocardial blood flow may exacerbate the injury initiated by the 

preceding ischemic episode. By definition, myocardial reperfiision mjury exists because 

there is a preceeding ischemic period. Therefore, it is not a phenomena entirely 

'Independent" of ischemia. Hence, myocardial reperfiision mjury will be defined according 

to Opie [64], as the sum of events occurring as a consequence of restoration of blood flow 
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to the ischemic n^ocardium, wliich detract either transiently or permanently from the overall 

benefit of its return. 

Characteristic structural changes are associated with myocardial reperfusion. 

addition, the injury of reperfusion following ischemia has been recently classified by Kloner 

and associates [65] into four categories, or consequences of reperfusion: reperfiision 

arrhythmias, reperfiision contractile dysfimction, vascular reperfiision injury, and lethal 

rq)eifusion injuiy (enhanced n^^ocardial necrosis). The following sections will describe the 

stractural changes of myocardial reperfusion injuiy, as well as the consequences (categories) 

of this injuiy. The discussion will paiticularly focus on the mechanisms that may contribute 

to early n^ocardial repeifiision injuiy, that is the events that occur within the first five to 30 

minutes of reperfiision. Myocardial reperfiision injiiry can also be described with respect to 

those events that occur hours after blood flow is restored [66], Table 1.1 summarizes both 

the early and late consequences of reperfiision injury. 

Structural changes 

The structural changes in the heart during reperfiision following ischemia were 

described m early studies by Jennings et aL [38] and Hearse [67]. Reperfiision of the 

myocardium after 30 minutes of ischemia potentiates a rapid release of mtracelhilar enzymes, 

influx of Ca^*, and cell membrane phospholipid breakdown, A^ch either alone or m 

combination may resute in additional cell death [38,67]. Contraction-band necrosis, the most 

prominent feature of cell death in zones of irreversible ischemic mjuiy reperfiised with 

arterial blood, occurs within several minutes after reperfiision [67,68], Contraction band 
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necrosis is associated with condensation of myofibrillar protein into irresolvable bands 

comprised of 3 to 12 sarcomeres, massive cellular edema including large subsarcolemmal 

accimiulation of fluid, the appearance of crystalline and granular densities of calcium 

phosphate in the mitochondria, focal disruption of the sarcolemma, explosive myocyte 

swelling, and massive mcreases in myocardial Ca^% Pi, Na"^, and CI" along with decreases in 

and K*. 

Reperfusion arrhythmias 

A well-recognized consequence of reperfiision is abnormal electrical conductivity, 

manifested as ventricular anhythmias. Ventricular arrhythmias may occur within seconds of 

the onset of reflow and may range in severity firom premature beats to fibrillation [55], 

Many mechanisms for reperfiision induced ventricular arrhythmias have been proposed, and 

a common element among these mechanisms is the o?^gen fi'ee radical [55]. £>uring 

reperfusion, arrhythmias may be caused by fi'ee radicals that cause oxidant stress to 

membrane proteins or lipids, that may, in turn, lead to arrhythmogenic events such as loss 

of potassium and interruption of calcium homeostasis [69]. Studies usmg agents that inhibit, 

or promote the elimination of oxygen radicals protect the heart against reperfiision-induced 

ventricular fibrillation [55,69]. The exact sources of free radical formation that may be 

re^onsible for reperfusion anhythmias has not be elucidated, but are thought to mchide the 

leukocyte, the myocardium, and the endothelium. They will be discussed m the next 

section. 
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Effects on early contractile dysfunction 

Another category of early reperfusion injiiry is myocardial contractile dysfimction. 

This phenomena includes a reversible dysfimction, known as myocardial stuming, and an 

irreversible conq)onent, due to ischemic myocyte cell death. Myocardial stunning is defined 

as postischemic contractile dysfimction that persists after reperfiision despite the absence of 

irreversible damage [70], To separate the efi^s of reversible damage (absence of cell death) 

and nreversible damage (ischemic cell death), experimental models of myocardial stunning 

usua% involve reperfusion after a short period ofischemia (15 min) [71-74], Under these 

conditions, a substantial portion of cellular damage responsible for stunning occiu:s 

immediately (withm 1 min) after reflow [71]. The major mechanisms responsible for 

stunning inchide the generation of oxygen firee radicals and their effect on inq)aired calcium 

homeostasis. It has been demonstrated that o^Q^gen derived fi^ee radicals depress myocardial 

contractility in-vivo [71,72] and in isolated hearts [74]. Studies have reported a significantly 

enhanced recovery of fimction with the use of oxygen fi'ee radical scavengers such as 

superoxide dismutase (an enzyme that catalyzes the dismutation of ^Oj'to Oj and HjOj), 

catalase (an enzyme that reduces H2O2 to O2 and H2O) [72], as well as an -OH scavenger) 

[75]. Based on the evidence firom these studies, it appears that all three species (•O2 H2O2 

and'OH) are important in postischemic dysfimction (*02 and •OH as mediators of injury 

and H2O2 as a precursor of •OH). 
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Table 1.1. Time course and mechanisms of reperfiiaon injury 

Type and Timg of nuvwy 

Early 
Reperfiision anhythmias 

pftBiwry 

Generation of oxygen radicals 
leukocyte 
endothelium 
myocyte 

Calcium accumulation 

References 

Lucchesi and Mnllane (78) 

Zwder etaL(77) 

Chambers et al. (76) 

Hearse and Tosald (69) 

Reperfiision 
Contractile Dysfimction 
(reversible and irreversible) 

Generation of oxygen radicals 
leukocyte 
endothelium 
myocyte 

Calcium accumulation 

Meyasaal.(72) 
BoOi (73)^attock et al. 

(74), McDonagh 

and Reynolds (44) 

Knsuokaetal. (87) 

Microvascular damage 
Increased permeability 

No-reflow 

Leukocyte accumulation 

i NO, i cAMP 

Extravascular effects 

Ogawa et aL (104) 
Snmiergten and Rovetto 
(102),Maetal.(106) 

Manciet et al. (lOS) 
McDonagh and Roberts, 
(103), Humphrey etal. (132) 

Engler et aL (137), Kloner et 
al. (65) 

Late 

Contractile dysfimction 

Enhanced tissue necrosis Leukocyte accumulation and 
migration 

Braonwald and Kloner (33) 

Jolly etal. (146) 
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Dining reperfiision, free radicals are most likely generated from three som'ces, the myocyte 

[76], the endothelium [77], and the leukocyte [78]. The source of myocardial (myocyte) 

oxygen radical generation in some species is xanthine oxidase [79]. The very low level of 

xanthine oxidase in hnman myocardium makes the importance of this source of free radicals 

questionable in human I-R [80]. Zweier et aL [77] reported that cultured bovine endothelial 

cells subjected to anoxia and reoxygenation are potent generators of superoxide and 

hydroTQ'l free radicals that in tum cause endothelial cell injury and death as well as leukocyte 

activation. E)uring reperfiision, leukocytes can release superoxide anion, hypochlorous acid, 

OH; and chloramine. hi addition, platelet activating frictor (PAF), a phospholipid hormone 

synthesized by activated endothelial cells, stimulates neutrophils to synthesize H2O2 [81]. 

In spite of a large body of evidence that oxygen free radicals contribute to myocardial 

stiuming, the relative contributions of free radical generation from the myocyte, the 

endothelium, and the leukocyte during reperfusion, following both brief and prolonged 

periods of ischemia, is still unclear. 

With respect to the effects on myocardial stunning, free radical generation affects 

multiple cellular fimctions. Free-radical initiated reactions likely invoke two key cellular 

components, proteins and lipids. Oxygen free radicals are able to denature proteins and 

inactivate enzymes [82], produce peroxidation of polyunsaturated fatty acids m cellular 

membranes, and promote dysfunction of the calcium regulating mechanisms in the 

sarcoplasmic reticulum [83] and m the calchim pumps within the sarcolemma [84]. These 

effects may immediately or eventually involve alterations m calcium homeostasis, indicating 

that oxygen radical injury and calcium overload are not mutually exclusive, although they 



32 

are often referred to as separate mechanisms of I-R mjury. There is evidence to suggest that 

cytosolic calcium does accumulate diuing the ischemic period [57,85], During early 

reperfiision, there probabfy is an persistent elevation or an additional small increase, but there 

is evidence that this increase may be transient [86]. As evidence that additional calcium 

injSux during early reperfiision is an important mechanism, Kasuoka et aL [87] demonstrated 

that ^^en isolated, ischemic ferret hearts are reperfused with solutions containing low 

concentrations of calcium, postischemic contractile dysfimction was attenuated. The 

mechanisms by which an early, transient increase in cytosolic calcium during reperfiision 

promotes prolonged periods of contractile dysfimction (several hours to days), are unclear, 

but most likely involve calcium-induced activation of phospholipases and other degradative 

enzymes as well as calcium-mduced free radical release [70]. 

When evaluating the extent of contractile dysfunction in experimental models of 

n^ocardial ischemia and reperfiision, it is important to consider the experimental conditions 

of the model. The degree of ventricular recovery during reperfiision is dependent on the 

length of ischemia, adequate coronary flow during reperfiision, and the presence of red cells 

and protem in the perfiisate during the reperfiision period [44,88-91]. Hearse and colleagues 

[91] found no fimctional recovery in isolated, ejecting rat hearts subjected to 30 minutes of 

global, normothermic ischemia. Edoute et aL [89] observed a 10-20% recovery of fimction 

in isolated, ejecting rat hearts subjected to 25 minutes of global ischemia. In both of these 

studies, the hearts were perfiised at constant pressure with blood and an albumin-free Krebs 

perfusate. 
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Poiseuille's law (Q= AP/R) describes the hemodynamic relationsh^ between pressure 

and resistance during a constant pressure protocol or a constant flow protocol [15,92]. 

During a constant pressure protocol, if coronary resistance increases during reperfiision, then 

coronary flow will decrease. Decreased coronary flow results in a decrease in ventricular 

performance [6]. The use of a constant flow protocol insures substrate and oxygen delivery 

to the ischemic myocardium [90,93,94]. hi contrast to the studies that used a constant 

pressure protocol, Apstein et aL [88] subjected rat hearts to 30 minutes of global ischemia 

followed by 30 minutes of reperfiision, using an asangumous, protein-free Krebs perfiisate 

and a constant flow protocol They found that ventricular contracture and stifbess 

significantly increased durmg ischemia and that there was a 27% recovery of developed 

pressure during reperfusion. The use of a constant flow protocol and a ICrebs red cell-

albumin perfusate results m an even greater recovery of ventricular fimction [44]. 

McDonagh and colleagues [44] report that 30 minutes of normothermic, global ischemia in 

the isolated rat heart followed by 35 minutes of reperfusion causes significant ventricular 

dysfimction early during reperfiision. In one set of experiments, hearts were perfused at a 

constant flow of 3ml/g/min with a solution containing 20% red cells and plasma proteins 

before and after ischemia. The recovery of contractility after five minutes of reperfusion was 

35% of control, increasing to 56% of control after 35 minutes of reperfiision. 

Vascular reperfusion injury 

Two types of reperfiision injury, reperfiision arrhythmias and reperfiision contractile 

dysfunction, have been discussed. Vascular injury is another category of reperfiision 
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damage. Before this topic is reviewed, the anatomy of the myocardial microvasculature will 

be briefly discussed. Blood is delivered to the myocardium through three main epicardial 

coronary arteries, the left anterior descending, the left circumflex and the right coronary 

arteries. Successive branching of these arteries occurs, terminating with the capillaries, the 

smallest coronary vessels [95], Nutrient and metabolic byproduct exchange occurs across 

the capillary wall In mammals coronary capillaries are approximately m diameter, 

1mm in length, and have mtercapillary connections about every 100^ [95-98]. The 

capillaries parallel the arrangement of the myocytes and are approximately lOfjm apart 

[95,97,99]. Potter and Groom [97] studied the microvascular geometry of the heart and 

skeletal muscle using corrosion casts. £a contrast to skeletal muscle, they and others [100] 

found that the capillaiy network of the left ventricle contained many loops and capillary-to-

capiDaiy anastamoses, but virtual^ no arterio-venous (A-V) anastamoses in the heart. A-V 

anastomoses do occur to some degree m skeletal muscle, and to a greater extent in the 

microcirculation of the skin. A-V anastomoses are larger in diameter than capillaries, 

resulting m a preferential shunting of larger, stiffer blood cells, like the leukocytes, through 

these anastomoses. However, in the heart, all blood elements must pass through the 

coronary capillaries. This anatomic feature is of particular importance when comparing the 

likelihood of leukocyte trapping in the coronary capillary network compared to capillary 

leukoc^e trapping m other organs [101]. The coronary capillaries converge and blood flows 

into the postcapillary venules, vMch range from lO/Lun to 200^m m diameter. Postcapillary 

venules converge, and myocardial venous blood is collected into the large central cardiac 

vein on the dorsal sui&ce of the heart, which empties blood into the right atrhmi [95]. There 
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is veiy little reference to the smaller, coronary postcapillary venules in early literature, to 

feet, in the late I970's, Hort [95] states "the venous system of the heart is of little importance 

with respect to pathologic conditions of the myocardium" Today, a great deal of interest 

is given to the postcapillary venules, particularly with respect to their role in inflammation. 

The following paragraphs describe the role of the coronary microcirculation in ischemia-

reperfiision injury. Vascular injury is an important consequence of myocardial ischemia-

reperfusion. Changes in vascular permeability is an early event during postischemic 

reperfusion. Sunnergren and Rovetto [102] examined vascular permeability as an index of 

endothelial fimction by measuring tissue uptake of'^I-labeled albumin. They reported that 

after four minutes of reperfiision with a modified Krebs-Henseleit buffer following 30 

minutes of low-flow ischemia, permeability was 61% higher than the control value. After 

20 minutes of reperfusion, vascular permeability was mcreased 169% above control values. 

McDonagh and Roberts [103] also repotted that endothelial permeability was rapidly altered 

during leukocyte and platelet-free blood reperfusion following myocardial ischemia in 

isolated rat hearts. Afier ten minutes of reperfiision, albiunin permeability was increased 48% 

compared to nonischemic controls. It is also postulated that a hypoxic decrease in 

endothelial oAMP levels, due to a reduction of both basal and stimulated adenylate cyclase 

activity, may play a role in the permeability changes observed in ischemia-reperfusion [104]. 

It has been demonstrated that alterations in vascular permeability during ischemia-

reperfusion may contribute to extravascular edema, which may subsequently compress 

nricrovessels. Manciet et aL [105] demonstrated that after 30 min of global, normothermic 
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ischemia in rabbit hearts, mean capillary diameter was significantly decreased, and that this 

decrease was due to an increase in extravascular edema. 

In addition to alterations in permeability, ischemia-reperfusion induces changes in 

endothelial-derived products. During myocardial reperfusion, there is evidence that, within 

minutes, there is a decline in available nitric oxide (NO, Endotheliiun Derived Relaxing 

Factor) levels from the coronary vascular endothelium [106,107,108,109], primarily due to 

the rapid quenching effects of superoxide anion generated during reperfiision [109]. A 

decrease in NO results in an increase in leukocyte-endothelial adhesion [106], platelet 

aggregation, and vascular permeability. In a feline model of myocardial ischemia-

reperfusion, Ma and colleagues [106] reported that decreased basal release of NO after 

ischemia-reperfiision precedes enhanced neutrophil adherence to the coronary endothelium. 

Loss of vascular responsiveness after ischemia-reperfusion has been described [107,110], 

and this affect has been, in part, attributed to the loss of NO [106,107], 

ReoTQ'genation of ischemic endothelium also induces rapid (within 10 to 20 minutes) 

cell sur&ce expression of pho^holipids such as platelet activating factor (PAF) [111,112], 

PAF is a phospholipid that is proadhesive for granulocytes and is also synthesized rapidly 

upon activation of endothelial ceUs [111-113]. When PAF is expressed by activated 

endothelial cells, it acts as a signal to promote leukocyte-endothelial adhesion that is 

mediated by the leukocyte integrins (CDl 1-CD18) [113]. hi a study using PAF-receptor 

antagonists in a rabbit heart model ofI/R, Montrucchio et al. [Ill] reported a significant 

reduction in myocardial PMN accumulation assessed by morphometric analysis and 

acciimulation of "'In-Iabeled PMNs. Usmg intravital microscopy, Kubes et aL [114] 
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reported similar findings in the cat mesentery subjected to 60min of ischemia foOowed by 

60 min of reperfusion. 

Endothelial adhesion proteins associated with ischemia-reperilision have also been 

examined in depth. Reoxygenation of ischemic endothelium induces cell surface expression 

of the adhesion protem, P-selectin within seconds [113,115,116]. P-selectin (CD62P, 

GMP-140, PADGEM), one of a family of three cell surface glycoproteins (P-selectin, L-

selectin, and E-selectin), is translocated firom endothelial cell Weible-Palade secretory 

granules to the cell sur&ce within seconds after stimulation [113,117]. Activation of P-

selectin by certain oxidants such as hydrogen peroxide can result in prolonged sur&ce 

egression of P-selectin in contrast to its usual transient expression [116,118]. In addition, 

trace amounts of thrombin activates endothelium to express P-selectin [119]. P-selectin is 

one of the adhesion proteins responsible for leukocyte rolling along the endothelium 

[113,117,120]. la a recent study using immunohistochemistry to localize monoclonal 

antibodies against P-selectin, Weyrich et aL [121] examined the time course of endothelial 

ceE adhesion molecule e?q)ression in cats subjected to 90 min of ischemia. They found that 

P-selectin was maximally expressed 20 mm after reperfiision in 60% of coronary venules and 

not e^ressed in capillaries. The lectin domain of the selectins recognize sialyated, sul&ted, 

and/or fiicosylated carbohydrate ligands (Sialyl-Lewis*'®) on the endothelium [113,117,122]. 

Chapter 5 examines the effects of fucoidin, a sulfated, fiicosylated Siayl-Lewis analog, on 

leukocyte accumulation in postischemic coronary capillaries and venules. 

Another adhesion molecule associated with myocardial ischemia-reperflision is 

intracellular adhesion molecule-1 (ICAM-1) [123]. ICAM-1, a member of the 
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immunoglobin superfamily, is the major endothelial cell Ugand for the firm, CDl 1-CD18 

dependent leukocyte adherence to endothelial cells [124], Upregulation of ICAM-1 protein 

on the endothelial cell surface in response to cytokine stimulation requires hours [120], 

However, there is some evidence that the constitutively expressed protein on the endothelial 

sur&ce plays a role in leukocyte-endothelial adhesion [125,126]. Evidence also shows that 

fluid shear stress upregulates ICAM-1 expression in cultured vascular endothelial cells [127]. 

Ma and colleagues [125] reported that after 20 minutes of reperfusion following ischemia, 

imstimulated polymorphonuclear leukocytes (PMN) adherence to cat coronary artery 

endothelium was significantly increased, indicating that basally expressed ICAM-1 present 

on the endothelium may play an important role in PMN adherence early in reperfusion after 

ischemia. 

Antibodies directed against the endothelial adhesion proteins, P-selectin and ICAM-1, 

have been effective m reducing leukocyte adhesion to endothelium [115,125]. Weyrich et 

al. [115] demonstrated that in vitro admioistration of a monoclonal antibody (mAb) to P-

selectin significantly decreased adherence of unstimlated PMNs to feline large coronary 

artery segments that were subjected to 90 minutes of ischemia followed by 20 min of 

reperfusion. Using the same model. Ma et aL [125] demonstrated that a mAb to ICAM-1 

significantly decreased PMN adherence to endothelium. Weyrich et aL [121] recently 

examined the time course of endothelial cell adhesion molecule expression in cats subjected 

to 90 min of ischemia. They foimd that ICAM-1 was maximally expressed m 50% of 

coronary venules, but not in capillaries, after 2 1/2 hours of reperfusion. 
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la addition to changes in vasoreactive products (NO), adhesion molecule expression, 

and phospholipid production, ischemia-reperfusion may increase endothelial cytokine 

production. Shreeniwas et aL [128] reported that endothelial cells subjected to hypoxia 

demonstrate de-novo synthesis of IL-la, with maximum levels observed at about 16r of 

reperfusion. Other cytokines, such as tumor necrosis &ctor (TNF-a) [129] and 11-8 [130] 

may be produced by hypoxic endothelium and myocardium These cytokines are potent 

activators of neutrophils, and may play a role in intravascular neutrophil accumulation during 

myocardial reperfusion. As previously discussed, Zweier et aL [77] reported that 

endothelial cells subjected to anoxia and reo^Q^genation are potent generators of superoxide 

and hydroxyl free radicals. Neutrophil adherence to reoxygenated endothelial cells is 

attenuated by oxypurinol, a xanthine oxidase inhibitor [131]. This suggests that xanthine 

oxidase-derived oTQ^gen metabolites may play a role in neutrophil adhesion to ischemic-

reperflised vascular endothlium 

In addition to changes in the endothelium itself vascular perfusion is ahered during 

reperfiision. Hearts subjected to ischemia and reperfiised develop a decrease in capillary 

perfiision, termed "no-reflow" [88,132-139] and an increase in coronary vascular resistance 

[88,133,139,140]. The no-reflow phaiomena is defined as the inability to perfuse previously 

ischemic nQrocardium, even when blood flow has been restored to the large arteries 

siq)p]ying the tissue [141]. Anderson et aL [142] reperfiised isolated hearts during ischemic 

contracture, five min after the peak of contracture, and 30 min after reperftision. Coronary 

flow distribution was evaluated with aortic infusions of latex at each time point. They and 

others [132-134,143] reported that area of no-reflow progressed fi'omthe endomyocardium 
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to the epicardium with adequate perfusion of the subepicardial and mid-myocardial regions, 

hi addition, morphologic exammation demonstrated that with increasing ischemic time, the 

amount of nf^ocardium that was not perfiised, increased. These investigators suggested that 

ventricular contracture, and subsequent con^ression of the coronary vessels, was a major 

contributor to no-reflow. Usmg scanning electron microscopy, Gavin et aL [135] studied 

the flQ^ocardial no-reflow phenomena in isolated rat hearts subjected to 60 min of ischemia. 

They observed no evidence of endothelial cell swelling, but identified areas of vascular 

conq)ression. Hiis was verified in a recent study by Manciet et aL [105] who demonstrated 

that after 30 min of global, normothermic ischemia in rabbit hearts, the mean capillary 

diameter was decreased. Hiis vascular conq>ression was due primarily to interstitial edema. 

Using direct visualization techniques, McDonagh and colleagues [103,139] observed a 28% 

decrease in left ventricular epicardial capillarity during reperfiision with leukocyte-poor 

blood after 30 mmutes of global ischemia m isolated rat hearts. The addition of leukocytes 

to the peifiisate before ischemia caused a 62% decrease in peifiised capillaries [139]. Total 

coronary vascular resistance was elevated significantly after 30 minutes of reperfiision in the 

hearts receiving perfusate containing leukocytes but not in the hearts receiving leukocyte 

poor blood during reperfiision. 

During reperfiision in-vivo, and in experimental models \^ere hearts are reperfiised 

at constant pressure, an mcrease in coronary vascular resistance is often associated with a 

reduction in coronary flow [94,144,145]. Lefer et aL [144] subjected rat hearts to 20 

minutes of global ischemia followed by 45 minutes of reperfiision. After five minutes of 

reperfiision with human neutrophils and rat plasma (HNRP), coronary flow was reduced to 
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more than 90% of control Coronary flow remained shnilariy reduced throughout reflow and 

recovered to only 37% of control at 45 minutes of reperfiision. Using the same ischemia-

reperfiision model, Shandelya et aL [145] found that in hearts reperfused with HNRP, 

coronary flow declined to 53% of control after 5 minutes of reperfiision, decreasmg to 44% 

of control after 45 minutes of reper&sion. When hearts are reperfused using a constant 

blood flow protocol, a reduction in reperfiision coronary flow does not occur. 

The events that occur during nQ^ocardial ischemia and during the flrst minutes of 

myocardial reperfiision are illustrated in Figure 1.1. These events are complex and 

interdependent. Leukocyte accumulation in the heart is a central event in early myocardial 

ischemia-reperfusion injury. 

Enhanced myocardial necrosis 

Enhanced myocardial necrosis, also termed lethal reperfiision injury, is the last 

category of ischemia-reperfiision injury defined by Kloner and associates [65]. Myocardial 

cell death, or necrosis, is usually assessed hours after the onset of reperfusion following 

coronary artery occlusion. As with preceding types of reperfiision injury, a variety of 

mechanisms sudi as calcium overload, mitochondrial injury, free radicals, and accumulation 

and activation of leukocytes may contribute to additional cell necrosis during reperfiision. 

As previously stated, it is likely that these mechanisms are interdependent. The total area 

af^ed by coronary artery occlusion is described as the total area at risL Within that area 

are cells that sustain irreversible ischemic damage, termed the necrotic area. 



Figure 1.1 Model of Events That Occur During Myocardial Ischemia and Early Reperfusion 
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The cells that border the necrotic cells, termed the border zone, have been the subject of 

intense research in recent years. Depending on the conditions of reperiiision, this area can 

either be salvaged or become necrotic. It is postulated that migrated neutrophils adhere to 

infarct border zone cells, and contribute to cell death. Jolfy et aL [146] were the first to 

report that the firee radical scavengers, superoxide dismutase (SOD) and catalase, were 

effective in decreasing in£u'ct size, e?q)ressed as the firaction of the area at risk conq)ared to 

the extent of cell death m the border zone. More recent studies report that antibodies to 

ICAM-1 [125], P-selectin [115], and a Sialyl Lewis analog [147] were effective in reducing 

the area of infarction. On the other hand, anti-CD18 antibodies have not shown similar 

protective effects [148]. Using molecular tedbniques to examine border zone characteristics, 

recent studies demonstrate that cells demonstrate an upregulation of ICAM-1, and that 

myocardial e7q)ression of cytokines such as IL-8 [149] is a chemotactic stimulus for 

neutrophil mobilization and adhesion in the border zone. 

Leukocyte contribution to myocardial ischemia-reperfusion injury 

Definition 

hi 1964, Sommers and Jennings, reported that 40min of coronary artery occlusion 

in dogs resuhed in leukocyte margination along blood vessels afier 20 minutes of 

reperfusion, and that neutrophils were seen m the area of infarct about an hour after 

reperfUsion [150]. Not until almost 20 years later were leukocytes identified as key 

contributors to myocardial reperfusion mjury [136-139,146,151-153]. Much of the data 

demonstrating that leukocytes can infhience myocardial ischemia-reperfusion tissue damage 
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has been obtained using one of the following experimental strategies; 1) leukocyte depletion 

from the blood or perfusate [34,151,154] 2) pharmacologic modulation of leukocyte 

function [146,155], or 3) mhibition of leukocyte-endothelial adhesive mteractions using 

monoclonal antibodies [115,125,156], More recently, genetically altered mice lacldng 

adhesion molecules required for leukocyte-endothelial adhesion [157,158] are being utilized. 

From these and other studies, it has been concluded that leukocytes accumulate, or are 

deposited m the heart during reperfusion, and may exacerbate the injury initiated by 

ischemia. The additional mjury attributed to leukocytes is termed leukocyte-mediated 

reperfiision mjury. Throughout this dissertation, the terms leukocyte accumulation, 

leukocyte deposition, or leukocyte retention may be used interchangeably. These terms will 

be used to indicate the relative increase in the number of leukocytes m the heart, but do not 

imply a mechanism responsible for that increase. 

Before describing how leukocytes contribute to reperfiision injury, leukocyte biology 

is briefly discussed. The five dififerent types of leukocytes are categorized as either 

polymorphonuclear (many-shaped nucleus) granulocytes (graniile-containing cells) or 

mononuclear (single nucleus) agranulocytes (cells lacking granules). Neutrophils, 

eosinophils, and basophils are polymorphonuclear (PMN) granulocytes, and monocytes and 

fymphocytes are mononuclear granulocytes. In the blood, there is about 1 white blood cell 

(leukocyte) for every 700 red blood cells. In hmnans, about 60-70% of the total leukocyte 

population are neutrophils, and about 25-33% are lymphocytes [159]. Conversely, in the 

rat, approximately 20% of the leukocyte count are neutrophils, 80% are lymphocytes, 3% 

are monocytes, 1-3% are eosinophils, and basophils are rare [160]. la this dissertation, the 
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general term leukocyte will be used \^en referring to experimental results in v\^ch 

leukocyte type could not be determined, or when mixtures of monocytes, lymphocytes, and 

po^morphonuclear leukocytes (PMNs) were studied. When cell types are known, the terms 

PMN, lymphocytes, or monocytes will be used. 

Leukocyte activation 

Ehiring ischemia-reperfiision, a number of n^^ocardial and endothelial-derived &ctors 

can potential^ activate the leukocyte. These chemotactic factors activate, or induce changes 

in the leukocyte that increase the adhesion protems on the cell surface and make the cell 

stiffer. These changes promote leukocyte retention in the reperfused myocardium The 

factors that are involved in leukocyte activation are described in this section, and are 

summarized m Table 1.2. During myocardial reperfiision in-vivo, leukocytes may be 

activated by a variety of &ctors (described previously) such as PAF [112,114], leukotrienes 

(LTB4) [63], in [128], 11^8 [161], TNF [129], and thrombin [119]. Leukocytes can also 

be activated in-vitro by chemotactic peptides, such as N-formylmethionyl-leucyl-

phenjdalanine (£MLP) [162]. This peptide is a potent activator of leukocytes that can yield 

rq)roducible and consistent experimental resuhs. The efi^s of fMLP on leukocyte structure 

and function are well characterized [162,163]. 

The conq)lement ^stem also plays a central role in activation of the leukocyte during 

ischemia-reperfiision [62,145,152,164,165]. Rossen and colleagues [62] propose that these 

Clq-mitochondrial fragment macromolecules released during ischemia may activate the 

conq)iement cascade, generating the subsequent release of complement-derived leukotactic 
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fi^gjnents such as CSa and C3. Shandeyla et aL [145] performed studies in an isolated rat 

heart model in vsMch the efi^s of conq)lement and polymorphonuclear leukocytes (PMNs) 

during reperfiision were evaluated. Their results suggest that plasma factors, most likely 

complement, are required for neutrophil activation with oxygen free-radical generation and 

subsequent contractile ^^sfimction. Conversefy^, ischemic hearts reperfused with unactivated 

human PMNs alone (not subjected to plasma containing complement) did not alter 

contractile function. Increased neutrophil accumulation was observed m the postischemic 

heart m the absence of plasma; however, plasma Actors were required for neutrophil-

mediated contractile failure. Marks et aL [166] demonstrated that conqilement deposition 

on the vascular endothelium is a potent and rapid stimulus for neutrophil adhesion. 

Increased neutrophil-endothelial adhesion was increased within 1 minute after conqilement 

(C3) addition to the endothelium and reached a peak within 20 minutes. They identified the 

leukocyte adhesion receptor as CR3 (CDllb-CD18), and suggested that endothelial-boimd 

complement derived opsonized particles, iC3b, was the hgand. This observation was 

confirmed by Beller et aL [16S]. Using cobra venom &ctor to decon^lement animals before 

myocardial in&rction, Maroko et aL [164] reported a decrease in in&rct size and a decrease 

in neutrophil accumulation into the ischemic zone durmg reperfiision. 

Leukocyte-mediated tissue damage 

During reperfiision, leukocytes may mediate tissue injury in several ways. They can 

become physically trapped in capillaries, preventing the flow of blood (no-reflow) [137], 

Unactivated leukocytes may become trapped, and if they remain unactivated, contribute 
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only to the no-reflow phenomena. However, if unactivated cells become trapped and are 

subsequently activated by damaged endothelial cells, or if preactivated cells become trapped, 

leukocyte releasates may amplify the myocyte [167] and vascular damage [168]. 

Leukocyte releasates are summarized in Table 1.2. In general, activated leukocytes 

generate damaging enzymatic hydrolases and proteases and nonenzymatic cationic proteins 

that are associated with intracellular granules. In addition, they can release non-granule 

associated products such as PAF, LTB4, and oxygen metabolites [169,170]. Stimulation of 

neutrophils by one or more Actors may elicit a leukocyte respiratory burst, characterized by 

a sudden increase in oxygen consumption and a release of reactive oxygen metabolites. En 

addition, PAF stimulates neutrophils to synthesize HjOj. At the same time, a number of 

cytotoxic proteases and hydrolases are released that alter vascular permeability, degrade 

membranes, and increase adhesion proteins on blood cells and endothelium [81], £)uring 

reperfusion, leukocytes can injure both the vasculature and the myocyte. Studies that 

specifically examined the effects of activated leukocytes during ischemia-reperfiision 

demonstrated an exacerbation of endothelial cell [168] and contractile [145] dysfunction. 

Chapter 2 of this dissertation examines the locations of leukocyte accumulation in the 

coronary microcirculation when postischemic hearts are reperfused with unactivated versus 

activated leukocytes. 

Leukocyte adhesion properties 

The role of leukocyte adhesion proteins during myocardial ischemia-reperfiision have 

been examined. In this dissertation, the term "adhesion" is defined as the attachment of the 
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Table 1.2. Neutrophil secretory products involved in mediating tissue injury 

Granule Associated 

FiiTyinatic 

Acid hydrolases 
proteases 
deoxyribonucleases 
glycosidases 
sul&tases 

Neutral proteases 
elastase 
proteinase 
gelatinase 
coUagenase 
cathepsin G 

Nonenzvmatic cationic proteins 
BPI 
CAP37K 
25K 

Granule Independent 

Platelet activating &ctor 

Leukotrienes (LTB4) 

General Properties 
-digestion of basement membrane 
-leukoldnin generation 
-production of inflamed fibronectin 
-increase in endothelial cell adhesiveness 

-degradation of collagen and basement membrane 
-fibronectin cleavage 
-endothelial lysis 
-cleavage of conq>lement firactions 

-antimicrobial 

-increase in permeability 
-platelet aggregation 
-granulocyte aggregation and priming 

Reactive oxygen metabolites 
superoxide anion 
hypochlorous acid (HOCl) 
OH" 
chloramine (RNHC1-) 

-increase in permeability 
-inactivation of serum proteaseinhibitors and 

sulfhydryl enzymes 
-depolymerization of hyaluronate proteoglycans 

-l^id peroxidation of membranes 

adapted from Lucchesi (169) and Ricevuti et aL (170) 
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leukocyte to the endothelhun due to leukocyte-endothelial adhesion molecule interactions. 

L^selectin, another member of the cell sui&ce glycoprotem adhesion family, is constitutively 

e?q)ressed on circulating, unactivated leukocytes [IIT]- L-selectin is critically mvolved m 

the initial roDing of leukocytes on the vascular endothelium [171-173]. When leukocytes are 

activated they exhibit rapid changes m their cell surface adhesion molecules. These changes 

promote leukocyte adhesion to the endothelium, hi vitro studies have shown that 

activation of polymorphonuclear neutrophils (PMNs) with various chemotactic agents can 

result in a rapid increase in L/-selectin binding affinity followed by a rapid shedding of the L-

selectin moleciile from the cell surface [174]. This process is thought to take place within 

minutes and may be necessary for subsequent binding via the leukocyte integrin complex, 

CDl 1-CD18, especially in postcapillary venules where shear rates diuing acute inflammation 

may be too great for integrin adhesion alone to be effective [175], 

The endothelial Ugand for the leukocyte mtegrin CDl 1-CD18 is ICAM-1. CDl 1-

CD18 exhibits a rapid and sustained upregulation upon activation of the leukocyte. 

Additionally, PAF that is expressed by activated endothelial cells may act as a signal to 

promote leukocyte-endothelial adhesion that is mediated by the leukocyte integrins (CDl 1-

CD18) [124]. It has been demonstrated that CDl 1-CD18 can be upregulated in miautes in 

re^onse to various mediators and during ischemia-reperflision [125], Lefer and colleagues 

[144] used a monoclonal antibody to CE>-18 to treat blood that reperflised rat hearts 

subjected to 20 minutes of global ischemia followed by 45 minutes of reperfusion. They 

reported that the mAb to CD-18 significantly attenuated the reduction m contractile fimction 

and coronary flow and reduced cardiac myeloperoxidase activity, an index of whole heart 
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PMN accumulatioii. They did not report an effect on infarct size using this antibody. 

Tanaka et aL [148] found no beneficial effect of an anti-CD18 antibody on infarct size, but 

they did report a reduction in PMN accumulation in the ischemic zone and an increase in 

blood flow to the damage region with the use of this antibody. McDonagh and colleagues 

[156] tested whether incubation of diluted blood with mAb CL26 to the CD-IS leukocyte 

adhesion protein would reduce early reperfusion contractile dysfimction. They found that the 

recovery of contractile function in ischemic hearts treated with CL26 was significantly 

mq)roved over control values onfy after 35 minutes of reperfiision, suggesting that the CL26 

influenced a later step in the ischemic-induced inflammatory response. 

Leukocyte biophysical properties 

The biophysical properties of the leukocyte have been examined with respect to their 

role in leukocyte retention m the microcirculation. In examining the role of leukocyte size 

and deformability on leukocyte retention in pulmonary capillaries, Downey et aL [176] 

compared leukocyte cell size and £3tration properties of human neutrophils. They found that 

monocytes and neutrophils were similar m diameter (~8/im) and were larger than 

lymphocytes. Using the cell poker technique, they also found that monocytes were the 

stiffest cells, or the least deformable, neutrophils the softest, or the most deformable, and 

lymphocytes mtermediate. In response to inflammatory mediators, activated neutrophils 

become less deformable [162], primarily due to microfilament cytoskeleton assembly [177-

179] and subsequent extension of pseudopods [180]. This response can occur within 

minutes of activation. Because a leukocyte is larger than a capillary, and must ordinarily 
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imdergo considerable deformability to pass through the hunen, an increase in pseudopod 

formation [180] and cell sti£Siess would hinder movement through these narrow vessels. 

Worthen et aL [179] found that, m response to the chemoattractant fMLP, increased 

neutrophil stifSiess, F-actin assembly, and retention occurs, in-vivo and in-vitro. These 

changes were abolished in cells that had been incubated with 2uM cytochalasin D, an agent 

that disrupts cellular F>actin organization. However, a monoclonal antibody directed 

toward the CD11-CD18 con^lex did not inhibit the mcrease m stifiBiess or retention in 

pores, suggesting that neutrophil stiffening may be both necessary and sufficient for the 

retention in puhnonary capillaries. The term deformabihty is used by many investigators to 

describe the relative ability of a leukocyte to change its shape in order to enter and pass 

through a structure that has a smaller diameter than the leukocyte itself [162,176,179,181-

184]. This definition of deformability will be used in this dissertation. 

Leukocyte deformability can be modulated with agents that affect cytoskeletal 

structure. Cytochalasin D is fimgal metabolite that disrupts cellular F-actin organization and 

was effective in decreasing neutrophil accumulation in pulmonary capillaries in the study by 

Worthen et aL, mentioned above [179]. Harris and Skalak reported a similar effect of 

cytochalasm D on leukocyte trapping in skeletal muscle capillaries [185]. Pentoxifylline is 

a methylxanthine, phosphodiesterase inhibitor that also affects leukocyte deformability 

[180,183,184,186,187], The effects of pentoxi^dUne on leukocyte retention in postischemic 

hearts are presented m Chapter three. 
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Bloodflaw and leukocyte behavior in the microcirculation 

In addition to the adhesive and biophysical properties of leukocytes, blood flow 

dynamics are known to be a factor in leukocyte retention in the microcirculation diuing 

ischemia-reperfiision. Early studies demonstrated that low-flow states reduce vascular wall 

shear rate and promote leukocyte-endothelial adhesion [188-190], Low blood flow states 

enhance increase leucocyte accumulation m the microcirculation in models of shock [191-

193], and in models of ischemia-reperfusion in the brain [194], lung [195], and skeletal 

muscle [196,197], Using histologic techniques and assays of whole heart leukocyte 

accumulation, studies of myocardial ischemia-reperfiision in the heart have demonstrated 

a relationship between reduced coronary flow and leukocyte accumulation during early 

reperflision [136,144,145], In humans, the initial period of reperflision following 

thrombolysis, revascularization, and tran^lantation is often characterized by low blood flow 

conditions [3,22,198], and may be accompanied by intravascular leukocyte accumulation. 

The effects of low blood flow on leukocyte accimiulation m the coronary microcirculation 

during early reperflision followmg ischemia are examined in Chapter four. 

This section has discussed the leukocyte contribution to myocardial reperflision 

injury. Table 1.3 is a summary of the mechanisms promoting neutrophil accumulation in the 

microcirculation as proposed in this discussion. 

Locations of leukocyte accumulation in the reperfused heart 

Many of the techniques used to assess the dynamics of PMN retention in the heart 

refer to \\diole heart leukocyte accumulation and make no distinction between microvascular 
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accumulation or myocyte infiltration. The exact locations of microcirculatory leukocyte 

accumulation in the heart durmg the first minutes of reperfiision are not known. Direct 

visualization studies of microvascular injury in 1-R are not general^ performed in the heart, 

but in the mesenteric, skeletal muscle, or [199] hepatic microcirculations [200-204]. These 

studies report that leukocytes primarily accumulate in post-capillary venules during 

reperfiision. Early studies by Engler et aL [136-138] reported that PMN accumulation m 

ischemic-reperfiised hearts occurs primarity hi the capillary beds. Several investigators have 

evaluated post-ischemic coronary PMN adherence usmg isolated coronary artery rmgs or 

in large coronary arteries and proposed that leukocyte adhesion to coronary arteries during 

reperfiision following coronary occhision in-vivo may contribute to I/R injury [108,205]. 

Hale and Kloner [206] examined neutrophil location in fixed and stained sections of rat 

hearts that were subjected to one hour of in-vivo coronary artery occlusion followed by one 

or two hours of reperfiision. They report that after one hour of occlusion followed by one 

hour of reperfiision, neutrophils were located primarify within the himen of vessels (74%) 

and margmating on vessel walls. These observations were confirmed more recently, in an 

extensive study by Albertine et aL [207] wiio reported that after 60 min of reperfiision in cats 

and dogs, the majority of leukocytes are still within the vasculature. Direct observations of 

leukocyte accumulation in the heart during ischemia-reperfiision have not been widely 

reported. Yamakawa et aL [208] observed the behavior of blood cells in the left atrial 

coronary microcirculation m the cat during acute ischemia without reperfiision. After 

several minutes of arterial occhision with subsequent reduction of flow, they observed 

capillary phigging by leukocytes. McDonagh et aL [209] developed an isolated, arrested rat 
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Table 1.3. Proposed mechanisms promoting neutrophil accumulation in the microcirculation in 
models of ischemia-reperfusion 

T Complement 
C3, C5a 

TPAF 

Crawford et aL (152), Rossen et aL (61) 

Milhoan et aL (112), Kubes et al. (114) 

TLTB4 

Til-la 

TTNFa 

Tn-8 

T endothelial cell adhesion proteins 
ICAM-1 
P-selectin 

t leukocyte adhesion proteins 
CDllb/CDI8 
L-selectin 

iNO 

i leukocyte deformability 

T leukocyte activation 

Gillepsie et aL (63) 

Shreeiwas et al. (128) 

StreheretaL (129) 

Karakurum etaL(130),KukieIkaetaL (149) 

Argenbright et al. (126) 
Weyrich et aL (115) 

Lefer et aL (144) 
MaetaL(268) 

Maetal. (106) 

Worthenetal.(179) 

TsaoetaL (168) 

ireperfusion blood flow Suematsu et aL (197), Bagge et aL (191) 
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heait preparation that allows direct visualization ofthe coronary microcirculation. Using this 

model of direct observation, McDonagh and Rauzzino [210] were the first to demonstrate 

that leukocytes ^^1lich were stimulated with fMLP (10-6) were sequestered in the coronary 

capillaries. They reported that nisoldipine, a calcium antagonist, significantly reduced the 

£MLP-induced leukostasis in the coronary capillaries. At the present time, the exact 

locations of leukocyte sequestration in the coronary microvasculature during the first 

minutes of reperfiision following ischemia have not been identified. 

Signiflcance of the Present Study 

Restoration of blood flow to the ischemic heart is desirable to limit myocardial cell 

death. However, studies have demonstrated that reperfiision results in additional damage 

and that leukocytes contribute to early myocardial reperfiision mjury. Leukocyte-mediated 

reperfiision injury can occur within the first minutes of reperfiision, while the leukocytes are 

still within the vasculature. The exact microvascular locations of leukocyte accumulation 

during the first minutes of reperfiision following ischemia have not been directly observed. 

The dynamics and mechanisms of leukocyte accumulation in different segments of the 

coronary microcirculation and the relative importance of accumulation in terms of those 

locations may be different. To effectively combat the leukocyte contribution to myocardial 

ischemia-rep erfiision injury, it is essential to know where, when, and how leukocyte 

accumulation occurs. The unique feature of this study is the direct observation of leukocyte 

deposition in the coronary microcirculation during the first minutes of reperfiision following 
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ischemia. The knov^iedge gained from this study may lend fuither msight into the leukocyte 

contribution to reperfiision injury. 

Hypotheses 

The purpose of these studies was to determine how leukocytes accumulate m the 

postischemic coronary microcirculation during early reperfiision. Particular emphasis was 

placed on con^aring leukocyte accumulation in the coronary capillaries versus the coronary 

venules. The specific hypotheses of the project were as follows: 

1. During earfy reperfiision following ischemia, leukocyte accumulation is significantly 

increased in both coronary capillaries and postcapillary venules con^)ared to 

leukocyte accumulation in capillaries and venules in nonischemic controls. 

2. Early in reperfiision following ischemia, increasing the deformability of leukocytes 

significantly decreases the accumulation of leukocytes in coronary capillaries 

con^aredto the accumulation in capillaries of ischemic-reperfiised hearts receiving 

imtreated blood. 

3. Reperfiising ischemic hearts with activated leukocytes significantly increases early 

leukocyte accumulation in the venules and the capillaries conq)ared to leukocyte 

accumulation in capillaries and venules in non-ischemic controls. 
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4. Reperfusing ischemic heaits at 50% and a 10% of full blood flow during early 

reperfiision significantly increases unactivated leukocyte accumulation in both 

coronary capillaries and venules con^)ared to leukocyte accumulation in capillaries 

and venules in non-ischemic controls. 

5. Inhibition of selectin adhesion molecule binding during early, low-flow reperfiision 

significantly decreases leukocyte acciumilation in the venules but not in the 

capillaries of ischemic hearts, conq)ared to leukocyte accumulation in capillaries and 

venules in ischemic hearts perfused at fidl flow. 
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CHAPTER 2. EARLY IN REPERFUSION FOLLOWING MYOCARDIAL 
ISCHEMIA, LEUKOCYTE ACTIVATION IS NECESSARY FOR VENULAR 
ADHESION BUT NOT CAPILLARY RETENTION 

ABSTRACT 

The pathobiology of leukocyte sequestration m the coronary microcirculation 

following ischemia is unclear. We examined the location(s) and persistence of leukocyte 

sequestration of unactivated and preactivated blood in the coronary microcirculation early 

during repeifiision following ischemia. Isolated rat hearts were subjected to 30 min of ST'C, 

no-flow ischemia. Hearts were initially reperfiised with diluted whole blood containing 

fluorescent leukocytes (DWB*). At 5,20, and 35 minutes of reperfusion (R), the deposition 

of leukocytes in the coronary capillaries and venules was observed directly using intravital 

fluorescence microscopy. Four groups were studied: a non-ischemic control group (Gr I) 

and postischemic hearts reperfiised with DWB* treated with vehicle (Gr EL), with IC^M 

fMLP (Gr IH) or with lO'^M fMLP (Gr IV). At R5, reperfusion with unactivated blood 

caused a significant trapping of leukocytes in coronary capillaries (Gr I=2.2±0.4 vs. Gr 

n=5.6±0.6 leukocytes/capillary field, P<0.05). Hearts in Gr IV exhibited significantly greater 

leukocyte retention m capillaries conq)ared to all other groups at R5 (R5, Gr IV=8.8 

leukocytes/capillary field, P<0.05) and at R35. At R5, although more leukocytes were 

observed adhered to the venules in Gr II compared to Gr I, the difference was not 

statistically significant (Grl=1.7± 0.7 vs. Grn=3.4±0.5 leukocytes/1OO^m venule, P=0.23). 

DWB* preactivated with the lower concentration of fMLP (lO'^M) resulted in a significant 

increase in venular leukocyte adhesion at R5 compared to Gr I and Grll (Gr HI 6.1 ± 0.5, 
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P<0.05). After 35 mmutes ofreperfiision, a higher percentage of leukocytes reniained in the 

capillaries than in the venules. These direct observations suggest that early in reperfusion 

after ischemia, both leukocyte and endothelial activation are necessary for venular adhesion 

but that ischemia-induced coronary microvascular aherations are suf&cient to promote 

leukocyte retention in coronary capillaries. These results also indicate that during 35 

minutes of reperfiision, the degree of leukocyte washout is greater in the venules than in the 

capillaries. These results suggest that the mechanisms contributing to leukocyte retention 

early in reperfiision following n^rocardial ischemia are indeed different in the capillaries and 

venules and that the mechanisms affecting retention in capillaries are more persistent than 

those in the venules. 

INTRODUCTION 

Restoration of blood flow to the ischemic heart is the most effective approach to limit 

necrosis. However, it appears that the act of reperfusion causes additional tissue damage 

[211]. A considerable body of evidence indicates that leukocytes contribute to the injxuy 

triggered by n^ocardial ischemia and reperfiision [44,108,115,136,139,125,151,212-215], 

Sequestered intravascular neutrophils contribute to early reperfiision injury by releasing 

cytotoxic oxygen radicals and enzymes and by obstructing capillary perfiision, leading to 

further myocyte and vascular endothelial cell damage [44,107,137,216]. 

Although there is strong evidence that leukocytes do accumulate in the vasculature 

and contribute to reperfiision injury, the exact microvascular locations of leukocyte 

accumulation m the heart during the reperfiision period have not been directly observed. 
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Earlier histologic studies suggest that following coronary artery occlusion, coronary 

capillaries are an in^oitant site of leukocyte retention during reperfiision [136,137,206]. 

A recent histologic examination ofpostischemic leukocyte sequestration in hearts of cats and 

dogs by Albertine et aL [207] suggests that early intravascular leukocyte sequestration 

occurs in both capillaries and venules. To understand the leukocyte contribution to 

myocardial ischemia-reperfiision injury, we need more information about the conditions 

responsible for leukocyte accumulation. 

The state of leukocyte activation is an important consideration when examining the 

characteristics of leukocyte accumulation m the microcirculation. Studies examining 

leukocyte-mediated myocardial reperfiision injury indicate that administration of activated 

leukocytes during reperfiision magnifies reperfiision injury [44,145,168]. Current invasive 

therapies for coronary heart disease or heart Mure such as coronary bypass surgery, 

coronary angioplasty, and cardiac transplantation not only require a period of myocardial 

ischemia followed by reperfiision, but are known to be associated with complement and 

leukocyte activation [213,217,218]. Therefore, studies that examine the exact locations and 

patterns of activated leukocyte sequestration m myocardial ischemia-reperfiision are 

necessary in order to maximize the benefits of potential therapies. 

The purpose of our experiments was to first establish an animal model of myocardial 

ischemia-reperfiision that provides direct visualization of the leukocyte interactions in the 

coronary microcirculation. Secondly, we wanted to identify and characterize the coronary 

microcirculatory locations and persistence of unactivated versus activated leukocyte 

retention during early reperfiision following ischemia. Our direct observations indicate that, 
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early in reperfiision following myocardial ischemia, leukocytes will accumulate in coronary 

capillaries whether the blood is unactivated or activated. la contrast, significant venular 

adhesion was observed only w^en the blood was activated. These results suggest that the 

locations of significant microcirculatory leukocyte accumulation early in reperfiision 

following ischemia are dependent upon the state of leukocyte activation. These results also 

suggest that therapies aimed at reducing leukocyte-mediated reperfiision injury must 

consider the state of both endothelial and leukocyte activation. 

METHODS 

Isolated rat heartpreparatioru All animal experiments in this study were performed 

in accordance with the "Guiding Principles In The Care And Use Of Animals" as approved 

by the Council of Ihe American Physiological Society. A modified Langendorfif preparation 

was used to perfiise the heart and visualize the coronary microcirculation (Figure 2. land 

Appendix C) and has been described in detail previously [139,209]. Male adult Sprague-

Dawley rats (400-600g) were anesthetized with pentobarbital sodium (50mg/kg ip) and then 

tracheotomized. Each animal was re^irated (Harvard, model 683) and a medial sternotomy 

was performed to visualize the great vessels of the heart. Loose ligatures were placed 

aroimd the right innominate artery and ascending aorta. Heparin (150 U) was then injected 

into the right atrhun. Ligatures were placed around the right subclavian and common carotid 

arteries and were tied, and a catheter (no. 20 Jelco) was inserted into the hmominate artery. 

The catheter was advanced toward the heart until the t^ extended just into the aorta, and 

then secured. A small hole was made in the right atrium and the aortic ligature was quickly 
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tied. The heait was immediately arrested with 3ml of a 30 mM potassiimi modified Krebs 

sohition (4°C) followed by 3ml of a 5 mM potassium modified Krebs solution (4°C). The 

arresting sohition was manually infiised at a mayimnm rate of 3ml/min and at a pressure less 

than 80 mm Hg. The heart was then carefiiUy removed fi'om the thoracic cavity, placed on 

a heated Lucite stage, and covered with pre-moistened gauze and plastic wrap in preparation 

for intravital fluorescence microscopy of the left ventricular epicardial microcirculation (see 

Experimental protocol). 

Preparation of coronary perfusate. The coronary perfusate used in this study was 

a modified Krebs-bicaibonate solution (NaCl 90 mM, KCl 30 mM, CaClj 2.5 mM, KH2PO4 

1.2 mM, MgS047H20 1.2 mM, NaHCOj 25 mM, glucose 5 mM, CaNaz EDTA 0.08 mM) 

that contained 2.0g/100ml bovine serum albumin (fiaction V, Sigma) and washed human red 

cells (American Red Cross) with a hematocrit of 20% [139,209]. To maintain a stationary 

field for visualizmg the coronary microcirculation, the potassium in the perfiisate was 

elevated to 30 mM and the sodium was reduced to maintain isotonicity [210], Blood cell 

concentrations m the perfiisate were determined by an automated cell counter (Serono 

Diagnostics, System Model 9018 CP). Typically, the perfiisate contained roughly 1% of 

normal leukocytes and less than 1% of normal platelets. The perfusate was gassed with 

95%02-5% CO2. Perfiisate pH was corrected by adding 8.4% sodium bicarbonate and blood 

gases were measured throughout the experiment with a blood gas analyzer (Radiometer, 

ABL 330). Typical values obtained were pH=7.45, p02=550 mmHg, pC02=60 mmHg. 

This blood cell-containing perfiisate was referred to as K(2)RBC. Perfiision with the red 
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blood cell perfusate plus albumin maintains both a stable coronary vascular resistance and 

coronary microvascular integrity better than Krebs solution alone [90,219-221], 

Preparation of labeled diluted whole blood The procedure for labelmg the 

leukocytes in diluted wiiole blood was described previously by McDonagh and Rauzzmo 

[210], Freshfy drawn heparinized blood was obtained by cardiac puncture from an etherized 

donor rat. The blood was centrifuged (Baxter, Megafuge LOR) in 10-ml syringe barrels 

(Becton-Dickinson) at S46g for 15 min to separate platelet-rich plasma from the white cell 

pellet and packed red blood cells. The red cell fraction was then drawn from the bottom of 

the syringe, and the platelet-rich plasma was drawn from the top. The white cell pellet was 

resuspended in 4 ml of an acridine orange solution (AO) (0.0 Img AO/ml PBS) (Sigma) and 

incubated at room temperature for 15 min. This concentration of acridme orange does not 

affect vyMe cell fimction [210,222]. The solution was then centrifuged at 546g for 15 min, 

and the solution containing the unbound AO was removed. The pellet was then washed 

twice with a PBS/albumin solution (4°C) to fiuther remove unbound fluorochrome. The 

labeled ceDs were then recombined with the red blood cells and plasma and then diluted 1:1 

with modified Krebs. This sohition was referred to as labeled diluted \^dlole blood (DWB*). 

DWB* pH was adjusted with 8.4% sodium bicarbonate and then gently gassed with 95% 

O2- 5% COj. Cell counts were performed. Typical blood gases and blood cell counts for 

this solution were pH 7.35-7.45, O2 saturation >85%, Hct 21%, leukocyte concentration 

2600//J, and platelet concentration 3.69 x lO^/fA DWB* was warmed in a 37°C water bath 

(Precision, model 181) for 10 min prior to perfusion. Li Groups HI and IV, DWB* was 

incubated with the chemotactic peptide N-formylmethionyl-leucyl-phenylalanine (fMLP) at 
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concentrations of either 10"® or IC^M for 10 minutes in the water bath [210] and 

immediate^ delivered to the heart. Our selection of fMLP concentrations was based on an 

in vitro study by Charo et aL [223] which mdicated that concentrations of 10"® tolO'^M 

caused a concentration-dependent increase in the adherence of PMNs to cultured endothelial 

cells, and that a concentration of lO'^M resulted in maximal leukocyte-endothelial adhesion. 

Li addition, fMLP makes the leukocyte less deformable, or stiffer [162,179,224], 

Direct visualization of the coronary microcirculation. The isolated heart was 

oriented on the microscope stage with the free wall of the left ventricle facing up. A large 

coronary vein ^Mch courses from the apex to the base of the heart was used to orient the 

heart. The epicardial microcirculation was illuminated with a mercury lamp and viewed with 

a fluorescence microscope (Zeiss, MPS). The microscope image was viewed continuously 

with a low-light-level silicon-intensified target video camera (Hamamatsu C2400) which was 

displayed on a video monitor (Panasonic, WV5410). Using a 5X objective, the 

microcirculation was brought into focus. A 32X objective was used to obtain data. With 

the 32X objective, the microscopic field was 350/zm x 270/im, with a specimen to monitor 

magnification of780X. hnages were recorded periodically on a 1/2-in. videotape recorder 

(Mitsubishi, U82). At each observation point, five to seven coronary capillary fields and five 

to seven veniiles (20-100/L<m hi diameter) were selected at random and videotaped for at 

least 30 seconds. On video playback, the number of leukocytes that were in the plane of 

focus and which remained stationary in a capillary for at least 30 seconds were considered 

stationary. These cells were coimted and e7q)ressed as leukocytes/capillary field [210]. Each 

capillary field contained about 20-22 capillaries oriented horizontally. For the venule, the 
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leukocytes that were in the plane of focus on the top and bottom margins of the vessel and 

remained stationary for at least 30 seconds were counted and expressed as 

leukocytes/lOOjim venule [201,225,226], This measure is representative of leukocyte 

adhesion to venules. It is difScult to clearly resolve and accurately coimt all adhered cell in 

the vessels. By focusing at the midpoint in the Z direction, the margins of the venule are m 

best focus, and the most accurate count can be made at this point. Counting the adherent 

cells in this manner gives us a number that is representative of the total number of adherent 

cells. If the total number of adherent cells increases, then the number of adherent cells on 

the margins will increase. 

Other physiological measures. The coronary circulation was perfused at constant 

flow (3 ml/min) with a roller pump (Cole Parmer, Masterflex 7518-00)) and confirmed 

periodically by a timed collection of per6isate into a graduated C)dinder. Coronary perfusion 

pressure was measured continuously through a sideline with a pressure transducer (Viggo-

Spectramed, Model TNF-R) and monitor (World Precision Instruments BPl-B). The 

presstire transducer was referenced to the height of the heart on the microscope stage. 

Coronary vasctilar resistance was calculated as coronary perfusion pressure (mm Hg) 

/coronary flow (ml/min) /heart weight (gm). Heart ten:q>erature was recorded continuously 

with a pediatric probe and monitor (YSI). DWB* was perfused via a side port at 3ml/min 

with a syringe pump (Harvard Apparatus, Model 11) (Figure 2.1). Leukocyte viability in the 

DWB* was 98-99%, as determined by Trypan Blue exclusion. 

Experimental protocol. The isolated rat hearts were perfused for 30 minutes at 36-

37''C with K(2)RBC. After the 30 min preischemic period, the hearts were subjected to 30 
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mm ofnonnothermic (36°C-37°C), global ischemia. These hearts were reperfiised for seven 

nrin with either vehicle-treated (phosphate buffered saline) DWB* or DWB*+fMLP (lO'^M 

and 10"® M) followed by K(2)RBC. The total reperfusion period was 35 min. Control 

hearts were perfused for 60 minutes with K(2)RBC, then for 7 min with DWB*, then with 

K(2)RBC. During reperfiision, microvascular fields were videotaped at five min (R5), 20 

min (R20), and 35 min (R35) to assess leukocyte adherence. Microvascular fields were 

videotaped at corresponding time points in control hearts. Four groups were studied; Gr 

I (n=7 hearts) was a non-ischemic control group (NIC), Gr n (n=16 hearts) received DWB* 

treated with vehicle (phosphate buffered saline) (I/R-VEH) , Gr III (n=6 hearts) received 

DWB* which was incubated with the chemotactic peptide fMLP to a final blood 

concentration of lO'^M (I7R.-fMLP 10"®), and Gr IV (n=6 hearts) received DWB* which was 

incubated with fMLP to a final blood concentration of 10"^M (I/R-fMLP 10"^) [210]. 

A separate series of experiments (n=3) were perfonned to determine the total number 

and types of leukocytes that sequester in the whole heart during the first moments of 

reperfiision. Hearts were subjected to the same ischemia-reperfiision experimental protocol 

described below, except direct visualization was not performed. Diluted v\^ole blood 

(DWB) was reperfiised for the first seven minutes of reperfiision (3ml/mm). The total 

volume of blood delivered to the coronaries was measured as the concentrations of total 

leukocytes, granulocytes and lyiiq)hocytes. The coronary efQuent was collected for the 

seven minutes of DWB infiision as well as for the following one minute of K2RBC mfiision 

into a graduated cjdinder. The total volume of perfiisate collected was measured along with 
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Figure 2.1. Schematic diagram of the isolated, blood perfiised arrested heart preparation 
used to directly visualize leukocyte accumulation in the coronary microcirculation during 
repeifiision following ischemia. The circuit consists of a perfusate reservoir, a blood filter, 
roller punq), o^Q'genator, and a heat exchanger/bubble trap. The microscope image was 
viewed continuous^ with a low-light-level silicon-intensified target video camera v^diich was 
displayed on a video monitor. Specimen to monitor magnification was 780X. Images were 
recorded periodically on a 1/2-in. videotape recorder. The hearts were perfused at constant 
flow before and after 30 mtn of global, normothermic ischemia. Diluted whole blood 
(DWB*) was perfiised via a side port, just upstream of the heart, with a syringe punq). 
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blood cell counts. Manual differential blood cell coimts identified the firaction of 

granulocytes and lymphocytes that were retained in the heart. The percent retention of 

WBCs, granulocytes and lyn:q)hocytes during the first moments of reperfiision was then 

determined. 

Statistical analysis. Data were collected and tabulated on spreadsheets (Microsoft 

Excel 5.0; see Appendix B). Data were expressed as means ± standard error. Conq)arisons 

among groiq)s were made by multiple analysis of variance and a Schefife' post hoc analysis 

was performed A\iien appropriate (Statistica 3.1, Statsoft). Probabilities of O.OS or less were 

considered statistically significant. 

RESULTS 

Coronary microcirculation. Using the 5X objective, the coronary microcirculation 

was brought into focus and venules and capillary fields were identified. Figure 2.2 (A and 

B) are representative images of the coronary microcirculation using the SX objective. The 

large cardiac vein is located on the left hand side of the images. Venules of approximately 

30 to lOO/zm were selected for data collection (arrows). These venules were usually two 

to three branching orders fi'om the large cardiac vein. The size of venules branching from 

the large cardiac vem is quite diverse, ranging from about 50^m to AQQixvn in diameter. 

Capillary fields (asterisks) are located between the venules. 

Leukocyte accumulation in coronary capillaries. The left hand side of Figure 2.3 

are representative pictures of leukocyte accumulation in capillaries after five mmutes of 
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Hgure 2.2. Representative image of the coronary microcirculation using the 5X objective. 
The large cardiac vein is on the left had side of the images. The arrows indicate the venules 
typically chosen for data collection. These venules were approximately 30-70/im in diameter 
and were two to three branching orders from the large cardiac vein. The asterisks indicate 
representative locations of capillary fields chosen for data collection. The capillary fields are 
located between the venules. 
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Figure 2.3. Representative images of capillary (left) and venule (right) leukocyte 
accumulation at five minutes of reperfiision (R5). Top to bottom: NIC (Gr I), I/R-VEH (Gr 
n), I/R-fMLP 10"® (Gr IV). In capillaries of nonischemic control hearts (A), few leukocytes 
were visible. We counted one leukocyte in this capillary field. Likewise, there were rarely 
leukocytes in nonischemic venules (B). In this venule, one leukocyte is stationary; the other 
leukocyte is traveling through the venule. When postischemic hearts were reperfiised with 
unactivated blood, there was a significant mcrease in leukocyte retention m the capillaries 
(C). In this capillary field, we counted ten leukocytes. We observed three stationary 
leukocytes in the postischemic venule (D). The other leukocytes seen in this still picture 
were moving \^^en we collected the data. We counted 15 leukocytes in the capillary field in 
the postischemic heart reperfiised with activated blood (£), and eight leukocytes on the 
margins of a lOOpan length of venule (F). 
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reper&sion (R5). Few leukocytes were retained in the capillaries of non-ischemic control 

hearts (A). In postischenric hearts (C^), single leukocytes, and often groups of leukocytes, 

were trapped in the capillaries. Not every capiDaty in hearts subjected to ischemia contained 

leukocytes. Coa:q)ared to control hearts, more leukocytes were retained in the capillaries 

of post ischemic hearts that were perfiised with unactivated blood (C). Preactivating the 

blood (fMLP IC^M) resulted in even greater leukocyte retention in capillaries (E). 

Figure 2.4 summarizes the leukocyte retention results in coronary capillaries after 

5, 20, and 35 minutes of reperftision m Gr I (NIC), Gr n (I/R-VEH), Gr m (I/R-fMLF®), 

and Gr IV (I/R-fMLP^). After five min of reperftision (R5), there was a significantly greater 

accumulation of leukocytes in the capillaries of postischemic hearts perftised with 

imactivated leukocytes compared to nonischemic control hearts (Gr I 2.2 ± 0.4 

leukocytes/capillary field vs.Gr II 5.6 ± 0.6 leukocytes/capillary field, P<0.05). Preactivating 

the DWB* with a concentration of 10'*M fMLP (Gr EI) did not result in a ftuther increase 

in capillary leukocyte retention beyond that observed during reperftision with unactivated 

blood (Gr II). However, blood that was preactivated with a fMLP concentration of 10"^M 

(Gr IV) resulted in a significant increase in leukocyte retention in capillaries coQq)ared to Gr 

n (Gr IV 8.8 ± I.O leukocytes/capillary field, P<0.05). 

Venular leukocyte accumulation The right hand side of Figure 2.3 gives 

representative fields of venular leukocyte adhesion in a nonischemic control heart and 

ischemic hearts after five minutes of reperftision. Slow rollmg and stopping of leukocytes 

on the endothelium were rarely observed. Typically, the margins of the venules were easily 

visualized and within focus. Adherent leukocytes exhibited either a marginated, rounded 
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moiphology or a flattened morphology with discemable boundaries. Con^ared to 

nonischemic control hearts (B), we observed a small but nonsignificant mcrease in venular 

leukocyte adherence of post ischemic hearts reperfiised with unactivated blood (D). 

However, there was a dramatic increase in venular leukocyte adherence when postischemic 

hearts were reperfiised with preactivated blood (F). We were concerned that the fluorescent 

staining observed in the venules was due to stained endothelium rather than marginated 

leukocytes. To determine if excess fluorochrome was stainiag the nuclei of the endothelium 

during the seven minute DWB* mfiision, a separate series of hearts were subjected to 

ischemia and reperfiised with phosphate buffered saline containing a concentrated acridine 

orange solution. No cell-shaped staining was seen in this case, indicating that blood 

conq)onents, and not endothelhim, were the source of the vascular fluorescence observed 

in this model In addition, during the course of the 35 minute reperfiision period, we 

observed a cell-shaped florescent staining in the subendothelial region of the venules in 

postischemic hearts. We suspect that some leukocytes may have migrated across the 

endothelium to the basement membrane. We did not count these structures as marginated, 

intravascular leukocytes (Figure 2.5). This diffiise staining was not seen outside all venules 

in postischemic hearts. This pattern of fluorescence was not observed outside of the 

capillaries. Figure 2.6 summarizes leukocyte accumulation in the coronary venules during 

reperfiision. At R5, there was an increase in leukocyte adhesion in postischemic hearts 

reperfiised with imactrvated blood conq>ared to non-ischemic controls (Gr I 1.7 ± 0.7 

leukocytes/lOOyLan venule vs. Gr II 3.4 ± 0.5 leukocytes/lOOpan venule) but the increase was 
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Figure 2.4. The number of leukocytes trapped in coronary capillaries at 5, 20, and 35 
minutes of reperfiision following ischemia in NIC, I/R-VEH, I/R-fMLF®, and I/R-fMLP^ 
groups. NIC= Non-ischemic control group (n=7) (Gr I) which was perfused with DWB* 
afier 60 min of K2RBC perfusion, then pension was continued for 30 more minutes with 
K2RBC; I/R-VEH= hearts were made ischemic (n=16) (Gr II) and received DWB* treated 
with vehicle; I/R-fMLF® = hearts were made ischemic (n=6) (Gr HI) and received DWB* 
preactivated with lO'^M fMLP; FR-fMLP^= hearts were made ischemic (n=6) (Gr IV) and 
received DWB* preactivated with lO'^M fMLP * P^O .05 conq)ared to NIC; t P^ 0.05 
compared to all other groups. The capillary field is 250/Lfm x 350/zm (0.09mm^). 
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Figure 2.S. biiage of a postischemic venule with fluorescent staining outside of the vessel 
(arrows). We did not observe this pattern of staining in all postischemic venules, and rarely 
in nonischemic controls. This image was chosen for illustration, and the staining is more 
discreet than the typical pattern. It is possible that these areas represent leukocytes that have 
migrated from the venule. 
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not statistically significant (P=0.2). However, reperfiision of ischemic hearts with activated 

blood significantly increased leukocyte adhesion in the venules. Unlike leukocyte capillary 

retention in response to the lower concentration of £MLP, reperfiision with DWB* 

preactivated with ^ILP IC^ (Gr m) resulted in a significant increase of venular leukocyte 

adhesion at R5 compared to Gr I and GrII (Gr EI 6.1 ± 0.5 leukocytes/lOOpon venule, P<0.05). 

Preactivating the blood with £MLP10"^M resulted in a fiirther increase in venular leukocyte 

adhesion (R5, Gr IV= 8.5 ± 0.6 leukocytes/lOOum venule, P<0.5). 

Persistence of leukocyte accumulation. Because DWB* was perfiised for the first 

seven minutes of reperfiision only, we were able to evaluate the persistence of leukostasis 

in capillaries and venules (Table 2.1). This measure serves as an index of the "firmness" of 

leukocyte sequestration. The persistence of capillary leukocyte accumulation during the 

reperfiision period (e^^ressed as the percentage of R35/R5 values) was similar m 

postischemic hearts reperSised with DWB* (Gr H) and in the nonischemic control group (Gr 

I). After 35 minutes of reperfiision, 37% of the leukocytes were retained in the capillaries 

of nonischemic control hearts, while 38% were retained in the capillaries of hearts subjected 

to ischemia and reperfiised with unactivated blood. Similarly, 35% of the leukocytes were 

retained in the capillaries of postischemic hearts reperfiised with blood which was 

preactivated with the lower concentration (IC^M) of £MLP (Grill). However, 63% of the 

leukocytes were retained in the capillaries of ischemic hearts reperfiised with blood which 

was preactivated with 10"^ M fMLP (Gr IV). The number of leukocytes remaining in the 

venules decreased markedly during the 35 minutes of reperfiision. Figure 2.7 is a 

representative image of a postischemic venule reperfiised with imactivated blood after 35 
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Figure 2.6. Tlie number of leukocytes adhered to coronary venules at 5, 20, and 35 minutes 
of reperfiision following ischemia m the NIC, I/R-VEH, I/R-fMLF®, and I/R-fMLP^ 
groups. NIC= Non-ischemic control group (n=7) (Gr I) \^ch was perfused with DWB* 
after 60 min of K2RBC perfusion, then perfusion was continued for 30 more minutes with 
K2RBC; FR-VEH= hearts were made ischemic (n=16) (Gr II) and received DWB* treated 
with vehicle; I/R.-fMLP® = hearts were made ischemic (n=6)(GrIII) and received DWB* 
preactivated with 10'*M fMLP; IZR-fMLP^ = hearts were made ischemic (n=6) (Gr IV) and 
received DWB* preactivated with 10"^ fMLP. * Pi 0.05 compared to NIC and I/R-VEH; 
t Ps 0.05 compared to all other groups. 
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Table 2.1. bitravascular leukocyte persistence at R35 in NIC, I/R-VEH, I/R-£MLP^, 
and I/R-fMLP^ groups 

% leukocytes 
Vascular leukocyte location retained after 

R5 R20 R35 35 minutes 

Capillaries 
(leukocytes/field) 

NIC(Grl) 2.15 1.95 0.79 36.7 

I/R-VEH (GrH) 5.57 3.47 2.14 38.4 

I/R-fMLF®(GrIII) 4.81 4.14 1.70 35.3 

I/R-fMLP^(Gr IV) 8.75 4.32 5.48 62.6 

Venules 
(leukocytes/lOOiun venule) 

NIC(Grl) 1.71 0.38 0.11 6.4 

I/R-VEH (GrII) 3.44 0.99 0.46 13.4 

I/R-£MLF« (Gr m) 6.08 0.51 0.47 11.8 

I7R-£MLP^ (Gr IV) 8.46 1.08 0.57 6.7 
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minutes of reperfiision. Leukocytes were rarely seen in the venules at this time point. 

Ischemic hearts reperiiised with unactivated or activated blood retained a slightly greater 

number of leukocytes after 35 mmutes of reperfusion conq)ared to nonischemic hearts (Gr 

16.4%, Gr n 13.4.%, Gr m 11.8%, Gr IV 6.7%). 

Coronary vascular resistance. During the 30 minute preischemic perfusion period 

there were no significant differences in coronary resistance among the four groups studied 

(Gr 127.3 ± 3.7, Gr H 26.0 ± 3.0, Gr IH 24.8 ± 2.1, Gr IV 25.5 ± 2.2). There were no 

significant dif^ences in coronary resistance among groups at R5 and R20. After 35 mmutes 

of reperfiision, coronary resistance in postischemic hearts was increased compared to control 

hearts (Gr 143.0 ± 3.4, GrH 61.1 ± 7.6, Gr IH 57.1 ± 5.9, Gr IV 59.3 ± 10.5). 

Whole heart leukocyte accumulation. Whole heart leukocyte retention is summarized 

in Table 22. Approximately 2% of aU white blood cells delivered during the first seven 

minutes of reperfiision were retained in the heart. The differential coimts indicated that the 

cells retained in the heart during the first seven minutes of reperfiision were essentially all 

granulocytes, lii cort^arison, in repetfiised beating hearts, about 8% of leukocytes delivered 

are retained. Beating hearts retained about 30-40% of the delivered granulocytes and very 

few lymphocytes (unpublished data). These results suggest that during reperfiision, total 

leukocyte retention in an arrested heart is comparable to a beating heart. 
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Figure 2.7. Representative image of a postischemic venule after 35 minutes of reperfusion 
with unactivated blood. Leukocytes were rarely seen in venules m any group at this time. 
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Table 2.2. Whole heait leiikocyte accumulation early in reperfusion 
following ischemia 

WBC Adhesion (%) 2.29 ± 1.37 

Granulocyte Adhesion (%) 19.59 ± 1.13 

Lyn^hocyte Adhesion (%) < 1 

Granulocytes delivered (cells) 11.2 X 10® ± 2.4 X 10® 

Granulocytes/gram heart (cells/gram) 8.6 X 10 ± 2.3 X 10® 
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DISCUSSION 

The best approach in limiting the damage caused by the reduction or absence of 

coronary blood flow is to reperfuse the heart as quickly as possible. However, it is now 

apparent that additional vascular and myocyte damage occurs when blood flow is restored 

and that leukocytes contribute to reperfiision injury [44,108,115,125,136,139,151,212-216]. 

An early event in the inflammatory response initiated by ischemia-reperfusion is leukocyte 

adhesion to the vascular endothelhun. A recent study by Buerke et aL [216] suggests that 

neutrophils can injure nQ'ocytes by neutrophil-released mediators such as hydrogen peroxide 

and elastase, but that direct contact between neutrophils and myocytes is not necessary for 

early reperfiision injury. They hypothesized that neutrophils sequestered within the coronary 

circulation, in the capillaries and venules, could mediate early reperfiision injiuy. In order 

to fiirther our understanding of the leukocyte contribution to early myocardial reperfiision 

injury, we must know the exact locations and characteristics of leukocyte accumulation in 

the microcirculation. To our knowledge, this report is the first demonstration of the use 

of direct visualization techniques to observe the behavior of leukocytes in the coronary 

microvasculature during the first moments of reperfiision following 30 minutes of global, 

normothermic ischemia. 

The state of leukocyte activation is an important consideration when examining the 

locations and characteristics of leukocyte accumulation in the microcirculation. Treatments 

for cardiovascular diseases such as cardiac bypass surgery [218], angioplasty [217], and 

cardiac tran^lantation [213] inchide a period of ischemia and reperfiision and are associated 

with leukocyte activation. For example, Gu et aL [218] reported that m huraans, 
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cardiopulmonaiy bypass results in complement activation with subsequent systemic 

leukocyte activation. We were therefore interested in identifying and characterizing the 

coronary microcirculatory locations and persistence of both unactivated and activated 

leukocyte retention during reper&sion following ischemia. We found that reperfusion of 

ischemic hearts with either unstimulated or stimulated blood resulted in significant capillary 

leukocyte retention. Surptismgly, significant venular leukocyte adhesion occurred only 

when postischemic hearts were reperfiised with activated blood. We also found that the 

persistence of leukocyte accumulation was greater m the capillaries than in the venules with 

either unactivated or activated blood. 

Comments on the model. Intravital fluorescence microscopy allows an excellent view 

of the left ventricular epicardial microcirculation, and is ideally suited for mvestigating real

time leukocyte accumulation durmg reperfusion. The model for direct visualization of the 

coronary microcirculation using intravital fluorescence microscopy was first described by 

McDonagh and colleagues [209]. Reynolds and McDonagh [139] used this model to study 

the leukocyte contribution to peifiised coronary capillarity and coronary vascular resistance 

following global ischemia. They found that leukocytes contribute to the decrease in perfused 

coronary capillarity and the increase in coronary vascular resistance observed during 

reperfusion. McDonagh and Rauzzmo [210] later demonstrated that leukocytes stimulated 

with the chemotactic peptide fMLP (10"^ M) were sequestered in coronary capillaries, but 

not venules of nonischemic hearts. We have extended these earlier observations in this study 

by describing leukocyte accumulation in the coronary microcirculation during reperfusion 

following ischemia. The advantages of using an isolated heart model, a blood reperfusate, 
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and constant flow during reperfiision have been described previously [44,139,209,221]. Use 

of a constant flow protocol msures that the effects of ischemia and reperfiision are 

independent of changes in coronary flow that may occur under constant pressure perfusion. 

In addition, the constant flow protocol allowed for controlled delivery of fluorescent tracers 

[210] andDWB [139]. 

Hie use of 30mM potasshim concentration in the perfiisate may affect leukocyte and 

endothelial function. With respect to leukocyte fimction, McDonagh and Rauzzmo [210] 

reported that con^ared to w^ole blood, diluting blood with modified Krebs containing 

40mM potasshim did not alter leukocyte adherence. We have not specifically assessed the 

effect of elevated potasshim on endothehal fimction or expression of adhesion molecules. 

Elevated may influence nitric oxide production [227]. Ma et aL [106] reported that an 

inhibition of the endothelial production of nitric oxide would enhance leukocyte-endotheUal 

adhesion. We did not observe significant leukocyte accumulation in the capillaries or venules 

of nonischemic control hearts. We measured about 2 leuks/100/:zm venule which is similar 

to values reported by House and Lq)owsky [201], Oliver et aL [225] and Suzuki et al. [226] 

under control conditions. 

Thirty minutes of ischemia and 35 minutes of reperfiision were chosen because of 

previous work demonstrating significant effects of 30 minutes of ischemia and 35 or 45 

minutes of reperfiision on vascular permeability [103], perfiised capillarity and vascular 

resistance [139], and cardiac fimction [44]. We e?q)ected to observe leukocyte retention in 

the microvasculature using this I/R protocol DWB (diluted whole blood) leukocyte and 

platelet concentrations are 1/2 the normal blood levels foimd in-vivo. Previous work 
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demonstrated that this concentratioii causes significant damage to the heart during 

reperiusion [44,139,228], 

We chose fMLP as the chemotactic stimulus for several reasons. First, the e£fects 

of fMLP on the properties and functions of leukocytes have been well characterized m the 

literature [162,163,229,230], It is a potent activator of leukocytes that can yield 

reproducible and consistent results. A study by Giaro et aL [223] demonstrated that 

concentrations of 10*^ to KT'M caused a concentration-dependent increase m the adherence 

of PMNs to cultured endothelial cells, and that a concentration of lO'^M resulted in maxunal 

leukoc^e-endotheHal adhesion. In addition, fMLP makes the leukocyte less deformable, or 

stiflfer [162,179,224]. Second, the effects of £MLP on leukocyte behavior in an isolated 

heart preparation have been characterized previous^ in our laboratory, McDonagh and 

Rauzzmo [210] directly observed that stimulating DWB with fMLP doubled leukocyte 

retention in coronary capillaries in nonisdiemic hearts. House and Lipowsky [201] reported, 

in the cat mesentery, that suflSision with MLP significant^ increased the number of adhering 

leukocytes in venules. We felt that usmg the same leukocyte stimulus woidd allow us to 

con^are oxu: findings with the results of these earlier studies. The chemotactic peptide fMLP 

produces a transient time course of activation, \^dlich is maximal at about 15 minutes [231]. 

Therefore, after incubation with fMLP, DWB was immediately delivered to postischemic 

hearts. 

Leukocyte accumulation in capillaries. In our study, hearts subjected to ischemia 

and reperfiised with unactivated and activated blood demonstrated significant leukocyte 

retention in capillaries. Capillary leukocyte retention in postischemic hearts was 2.5 times 
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greater than in nonischemic controls ^^dlen hearts were reperfused with unactivated blood 

and four times greater than in nonischemic controls when hearts were reperfiised with 

activated blood. In nonischemic hearts, McDonagh and Rauzzmo [210] found that 

leukocyte activation with MLP (10"^ M) doubled the number of leukocytes trapped in 

coronary capillaries but little if any adhesion was observed hi venules. Collectively, these 

results suggest that both the ischemic msult and leukocyte activation can cause capillary 

leukocyte retention. Because we deliver DWB for the first seven minutes of reperfusion 

alone, the results of oiu* studies apply to early reperfusion mjury. Caution must be applied 

vN^en con:q)aring these findings to the resuhs of in-vivo studies. However, using histologic 

assessments, other mvestigators have reported mcreased capillary leukocyte accumulation 

during early myocardial reperfusion [136,137,206,207], Using direct visualization 

techniques, Yamakawa et aL [208] observed the behavior of blood cells in the left atrial 

coronary microcirculation in the cat during acute regional ischemia without reperfusion. 

After several minutes of arterial occlusion, they observed a reduction m blood flow 

accompanied by leukocyte pluggmg at the entrance to coronary capillaries. Engler et aL 

[137] reported that myocardial ischemia m dogs resulted in approximately one trapped 

neutrophil per nonperfiised capillary. Id contrast, we observed that in postischemic hearts, 

not every occluded capiQaiy contained leukocytes and that many capillaries contained more 

than one leukocyte. With respect to the observation that not every occluded capillary 

contained leukocytes, studies mdicate that postischemic ventricular contracture, and 

suubsequent conq)ression of the coronary capillaries, is a major contributor to no-reflow 

[132-134,143,142]. Manciet et aL [105] demonstrated that after 30 min of global. 
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nonnothemdc ischemia in rabbit hearts, mean capillary diameter was significantly decreased, 

and that this decrease was due to an mcrease in extravascular edema. Leukocytes also 

contribute to the no-reflow phenomena. Usmg direct visualization techniques, McDonagh 

and colleagues [103,139] observed a 28% decrease in left ventricular epicardial capillarity 

during reperfiision with leukocyte-poor blood afier 30 minutes of global ischemia in isolated 

rat hearts. The addition of leukocytes to the perfiisate before ischemia caused a 62% 

decrease in perfiised capillaries [139]. Occhided capillaries without leukocytes were present 

after 35 min of reperfiision. 

In a recent histologic study, Albertine et aL [207] reported that after 60 minutes of 

reperfiision following 90 minutes of coronary artery occlusion in cats and dogs, intracapillary 

leukocyte sequestration increased two- to five- fold. Similarly, we observed that leukocyte 

sequestration more than doubled in postischemic hearts reperfused with unactivated blood 

and was increased fourfold wdien postischemic hearts were perfiised with activated blood. 

This observation was made at five mmutes of reperfiision, >^en the heart was bemg 

reperfiised with DWB. We did not clearly identify leukocytes outside of the vasculature 

during the 35 minute reperfiision period. Likewise, Albertine et aL [207] foimd that a 

nonsignificant percentage of total neutrophils accumulated outside capillaries (or venules) 

after 60 minutes of reperfiision. 

The mechanisms of capillary leukocyte sequestration during myocardial ischemia-

reperfiision have been examined. During reperfiision, leukocyte sequestration m the 

capillaries may be due to rheologic factors, endothelial adhesion factors and extravascular 

factors. During reperfiision, myocardial leukocyte accumulation increases as blood flow 
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decreases [138,206,208,232]. However, in our experiments, blood flow during reperfusion 

was maintained at preischemic values (3ml/min), eliminating the possibility that blood flow 

reduction contributed to leukocyte sequestration. To our knowledge, there is currently no 

convincing evidence that adhesion molecules are significantly upregulated in coronary 

capillary endothelium in the earfy minutes of reperfusion following ischemia [233]. 

However, there is evidence for extravascular &ctors contributing to leukocyte sequestration 

in capillaries of postischemic hearts. Manciet and colleagues [234] recently demonstrated 

that after 30 minutes of global, normothermic ischemia in rabbit hearts, mean capillary 

diameter was decreased due to con^ression caused by extravascular j&ctors. Reperfusion 

of the ischemic myocardium is associated with myocyte edema and a decrease in capillary 

perfiision. R^nolds and McDonagh [228] foimd that rat hearts which received DWB prior 

to 30 minutes of ischemia demonstrated a significant increase in transcoronary albumin 

extravasation and a significant decrease in perfiised coronary capillarity compared to 

controls. Coronary capillary diameter (4.5/zm) is much smaller than average leukocyte 

diameter (7-12/im) and considerable A^iiite blood cell deformation is required for its passage 

through the capillary network [162,224]. Any reduction in the effective diameter of 

coronary capillaries during ischemia-reperfiision would promote leukocyte sequestration. 

In our study, activated leukocytes (fMLP lO'^M) tended to be retained m 

postischemic hearts to a greater extent than unactivated leukocytes. N-formyhnethionyl-

leucyl-phenylalanine (fMLP) mduces leukocytes to convert unpolymerized actin to 

subcortical F-actin [230] within seconds, a time that significantly correlates with the shape 

changes following stimulation with fMLP [163]. A leukocyte in this state is less deformable. 
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making passage through the capillaries more difiScuh [162,224], increasmg the likelihood of 

leukocyte retention. Worthen et aL [179] rq)OTted that £MLP resuhs in increased neutrophil 

stifbess, increased actin polymerization, and mcreased retention in pulmonary capillaries. 

These changes were abolished in cells that had been incubated with 2/zM cytochalasm D, an 

agent that disrupts celhilar actin organization. However, they found that a monoclonal 

antibody to the leukocyte adhesion protein CD11-CD18 did not mhibit the increase in 

stiffiiess or retention in pores, and suggested that neutrophil stiffening may be both necessary 

and sufficient for the retention m pulmonary capillaries. We suggest that in the heart, both 

extravascular factors and mechanisms similar to those proposed by Worthen et aL are 

re^onsible for capillary leukocyte retention early in reperfiision. Preactivation of the blood 

increased both the number of cells retained in capillaries in the first moments of reperiiision 

as wen as the persistence of retaition for the remainder of the thirty five minute observation 

period. 

Leukocyte accumulation in venules. In the hearts subjected to ischemia and 

repei&sed with diluted wiiole blood (Group II), we found a statistically insignificant increase 

in leukocyte adhesion to postcapillary venules. This observation was imexpected, especially 

during the first minutes of reperfiision, >^en the heart was perfiised with DWB. Other 

studies report venular adhesion of leukocytes in the heart following ischemia. Albertine et 

al. repotted [207} that after 60 minutes of reperfiision following 90 minutes of coronary 

artery occlusion in cats and dogs leukocytes were retained in coronary capillaries as well as 

m postcapillary venules. Venular leukocyte accumulation was two- to three-fold greater 

than in sham-operated control hearts. hi ischemia-reperfiision studies in other 
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microvascular prq)arations [199,201,203], leukocytes accumulate primarily in post-capillary 

venules during reperfiision. For exan:q)le, in an ischemia-reperfusion study in skeletal 

muscle, Ldu: et aL [203] reported a marked increase in leukocyte adherence to postcapillary 

venules. The difference in these findings and those observed for Group n in our study may 

be explained by the state of activation of the leukocytes as they traverse the postischemic 

microcirculation. Ih-vivo, ischemia-reperfiision may damage the microcirculation as well as 

induce an acute activation of blood. The activation of both blood cells and vascular 

endothelial cells may enhance adhesion of leukocytes to venules. an in-vitro model, Charo 

et aL [223] reported that leukocyte adhesion to endothelium was enhanced ^^en the blood 

was activated. la vivo. House and L^owsky [201] also foimd enhanced leukocyte adhesion 

to venules w^en the blood was deliberately activated with fMLP. bi our study, significant 

leukocyte adhesion to venules was observed when the DWB was preactivated with fMLP 

(Groups in and IV). 

In addition to the state of leukocyte activation, another possible reason to explain 

why myocardial ischemia-reperfiision did not cause a significant increase in leukocyte 

adhesion to coronary venules may be related to shear forces on leukocytes adhered to these 

venules. We do not have definitive measmrements of shear in the coronary microcirculation. 

Considering that blood flow per gram to the heart muscle is much greater than most other 

organs, it is possible that venular shear forces may be elevated as well Elevated shear in 

coronary veniiles may overwhelm leukocyte-endothelial cell adhesive forces. 

Another possible e?q)lanation for the nonsignificant venular leukocyte adherence 

observed in our study might have been that the leukocytes did not reach the venules due to 
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capiDaiy leukocyte sequestration. However, leukocytes were clearly seen flowing through 

the venules dunng the seven minutes of DWB* in&sion, indicating that they did reach these 

vessels. In addition, the increase in venular leukocyte adherence in Group m indicated that 

a significant number of leukocytes were still able to reach the venules despite an increase in 

capillary leukocyte retention. Also, our vdiole organ retention studies showed that roughly 

80% of the granulocytes and essentially all of the lyn^hocytes (> 99%) exit the heart, 

indicating that, in our study, most leukocytes that entered the coronaiies traversed the entire 

microcirculation (Table 2.2). 

When postisdiemic hearts were reperfiised with activated blood, there was significant 

leukocyte adherence to postcapillary venules. Others have shown that activated leukocytes 

roU and/or adhere to postcapillary venules. House and Lipowslg^ [201] reported, m the cat 

mesentery, that sufiSision with fMLP (lO'^M) significant^ increased the nimiber of adhering 

leukocytes in 20 to SO/jm venules. Similar to our findmgs in the heart, they foimd little or 

no leukocyte adherence in control vessels. When leukocytes were activated with £MLP, they 

observed that leukocyte adherence to the margins of nonischemic venules rapidly mcreased 

to about 11 leukocytes/lOO/imi of vessel length. We measured adhesion in the same manner. 

The leukocyte adherence that we observed in postischemic hearts reperfiised with activated 

blood (about 9 leuks/lOO/^m venule) was sitnilar to the adherence reported by House and 

L^owslty [201]. 

Ischemia and leukocyte activation markedly increased venular leukocyte adherence 

con:q)ared to postischemic hearts reperfiised with imactivated blood. Several mechanisms 

may be responsible for activated leukocyte adherence to postischemic vessels. The 
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chemotacdc peptide £MLP has been reported to upregulate the surface expression of 

CD11/CD18 within minutes, thereby increasing leukocyte adherence to endothelial cells 

[229], Increased CDl 1/CD18 expression on the sur&ce of the leukocyte may be responsible 

for the adhesion we observed vsdien ischemic hearts were reperflised with fMLP-activated 

leukocytes. Other studies have demonstrated that leukocyte CD18 is involved in adhesion 

under conditions of normal [232] and low shear [175], It is imlikely that L-selectin 

participated in adhesion when ischemic hearts were reperfused with fMLP-activated 

leukocytes since this agent is known to rapidly shed L-selectin from the cell surface [174], 

la conclusion, identification of the exact locations and mechanisms of microvascular 

leukocyte accimiulation is important m our overall imderstanding of the role of blood 

components in the early phase of myocardial ischemia-reperfusion injiiry. McDonagh and 

Reynolds [44] foimd that perfiision with DWB for the first five minutes of reperflision was 

sufficient to cause a significant decrease in the recovery of punq) fimction. The direct 

observations rq)orted in the current study indicate that, early m reperflision after ischemia, 

both leukocyte and endothelial activation are necessary for significant adhesion of leukocytes 

in venules, but that significant retention in capillaries does not require prior activation. The 

results also indicate that during 35 minutes of reperfusion, persistence is greater in the 

capillaries than venules and that activated leukocytes remained m the capillaries longer than 

imstimulated leukocytes. The results suggest that the mechanisms contributing to leukocyte 

retention early in reperfusion following myocardial ischemia are indeed diSerent in the 

capillaries and venules. Atten^ts to limit early myocardial leukocyte-mediated reperflision 
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injuiy should consider both the state of activation of the blood as well as the nature of the 

microcirculatoiy injuiy. 
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CHAPTER 3. PENTOXIFYLLINE REDUCES LEUKOCYTE RETENTION IN TEtE 
CORONARY MICROCIRCULATION EARLY IN REPERFUSION FOLLOWING 
ISCHEMIA 

ABSTRACT 

Using direct visualization techniques, we confiimed the results of earlier histologic 

studies that leukocytes accumulate primarily in the coronary capillaries of ischemic hearts 

during earfy reperfiision. The purpose of this study was to determine if pentoxifylline (PTX) 

would reduce reperflision-induced leukocyte retention in postischemic hearts. Isolated rat 

hearts were subjected to 30 min of 37°C, no-flow ischemia. Hearts were initially reperfused 

with diluted \^dlole blood contaming fluorescent leukocytes (DWB*). At 5, 20, and 3S 

minutes of reperfiision (R), the deposition of leukocytes in the coronary capillaries and 

venules was observed directly using intravital fluorescence microscopy. Three groups were 

studied: a non-ischemic control group (Gr I), and postischemic groups reperfiised with 

DWB* treated with either vehicle (Gr II) or with PTX (5mM) (Gr EI). Postischemic 

reperfiision with unactrvated blood caused a significant trapping of leukocytes in coronary 

capillaries throughout reperfiision (R5, Gr I=2.0±0.3 vs. Gr n=5.7±0.6 leukocytes/capillary 

fiield, P<0.05). The addition of PTX reduced capillary leukocyte retention below control 

values throughout reperfiision (R5, Gr in=1.6±0.2 leukocytes/capillary field, P<0.05). At 

R5, there was no statistical^ significant difference in leukocyte accumulation in venules for 

all groups (Gr 1=1.5± 0.6, Gr Il=3.2±0.4, Gr in=3.3±0.4 leukocytes/lOO^^zm venule). 

During the reperfiision period, leukocyte persistence in the capillaries of postischemic hearts 

(36%) was greater than in the venules (13%). These data indicate that early in reperfiision 
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after myocardial ischemia, leukocyte retention occurs primarily in the coronary capillaries. 

FIX reduced early leukocyte retention in the capillaries. The resuhs also demonstrate that 

during reperfiision, the mechanisms affecting capillary retention resuh m leukocytes 

remaining in the capillaries for a longer period of time than they remain in the venules. 

These findings suggest that PTX may be an effective therapy to reduce the leukocyte 

contribution to early myocardial I/R injury. 

INTRODUCTION 

Rapid restoration ofblood flow to the ischemic heart is the most effective approach 

to limit cell injury. However, it appears that the act of reperfiision causes additional tissue 

damage [211]. A considerable body of evidence indicates that leukocytes contribute to the 

injury initiated by myocardial ischemia and reperfiision [44,136,139,212,214,215,235], 

Sequestered mtravascular neutrophils contribute to early reperfiision injury by releasmg 

cytotoxic oxygen radicals and enzymes and by obstructing capillary perfusion, leading to 

fiirther myocyte and vascular endothelial cell damage [44,77,107,137,216], 

Using intravital microscopy of the coronary microcirculation, we demonstrated that 

during reperfiision following ischemia leukocytes were retained primarily m coronary 

capillaries rather than the venules of postischemic hearts [236], However, when ischemic 

hearts were reperfiised with activated blood, significant leukocyte retention in both the 

capillaries and the venules was observed. These observations confirm the earlier work of 

Engler et aL [136], wdiich suggests that capillary plugging is an inq)ortant mechanism by 

which leukocytes sequester in the heart. Further, these results suggest that the state of 
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leukocyte activation is an important consideration wdien examining the characteristics of 

leukocyte accumulation. 

In addition to the state of activation and the potential for adhesion, leukocyte 

biophysical properties may be important determinants of retention in the microcirculation. 

Coronary capillaries have a mean lumenal diameter (4-5pan) A\4iich is less than the mean 

diameter of leukocytes (8-12/Lmi) [237]. Also, leukocytes are orders of magnitude stiffer 

than erythrocytes [162], These properties of leukocytes, specifically, cell size and 

deformability, are known to contribute to their retention in capillaries in-vivo [176] and in 

in-vitro studies that use techniques to simulate blood flow through capillaries [181,184]. 

Based on the observation that non-activated leukocytes were retained primarily in coronary 

capillaries during reperfiision, we tested the possibility that altering the biophysical 

properties of the leukocyte would reduce coronary capillary leukostasis. 

Pentoxifylline (PTX), a methylxanthine phosphodiesterase inhibitor, has long been 

prescribed to treat chronic vascular insufficiency [238]. Early studies indicated that PTX 

treatment in^roved microvascular blood flow in peripheral vascular disease by increasmg 

erythrocyte membrane flexibility [239]. Recent data indicates that PTX also affects 

leukocyte stmcture and fimction [186]. With respect to the effects on leukocyte structure, 

studies demonstrated that PTX causes leukocyte actin depo^merization and inhibits ligand-

induced capping [187], attenuates spontaneous pseudopod formation [180,182], increases 

leukocyte filterability through 5ixm pore filters [184], and increases the rate of leukocyte 

entry into microp^ettes [182]. Because of these findings, in the present study we tested the 
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hypothesis that pentoxifylline would reduce leukocyte retention in the coronary capillaries 

of postischemic hearts. 

Using intravital microscopy, we observed that more leukocytes remained in the 

capillaries than in the venules of postischemic hearts conq)ared to nonischemic hearts. 

During 35 min of reperfiision, pentoxi^dline did reduce leukocyte retention in the capillaries 

of postischemic hearts. These findings suggest that leukocyte retention in coronary 

capillaries is a significant event in early reperfiision and that PTX may be usefiil in limiting 

the leukocyte contribution to early reperfiision injury. 

METHODS 

Isolated rat heart preparation. All animal experiments in this study were performed 

in accordance with the Guide for the Care arid Use ofLaboratory Animals (NIH Publication 

No. 80-23, revised 1985). A modified LangendorfiTpreparation was used to perfiise the 

heart and visualize the coronary microcirculation (Figure2.1) and has been described in detail 

previous^ [139,209,236]. Aduh male Sprague-Dawley rats (400-600g) were anesthetized 

with pentobarbital sodium (50mg/kg 9) and then tracheotomized. Each animal was 

respirated (Harvard, model 683) and a medial sternotomy was performed to visualize the 

great vessels of the heart. Loose ligatures were placed around the right innominate artery 

and ascending aorta. Heparin (150 U) was then injected into the right atrium. Ligatures 

were placed and tied around the right subclavian and common carotid arteries. A catheter 

(no. 20 Jelco) was then inserted into the innominate artery, advanced until the tip extended 

just into the aorta, and secured. A small hole was made m the right atrium and a previously 
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placed aoitic ligature was quickly tied. The heart was arrested using the University of 

Arizona cardioplegia protocol, consisting of Sml of a 30 mM potassium modified ICrebs 

solution (4°C) followed by 3ml of a 5 mM potassium modified BCrebs solution (4°C). The 

arresting solution was manual^ infiised at a mavirmim rate of 3ml/min and at a pressure less 

than 80 mm Hg. The heart was then carefiiUy removed firom the thoracic cavity, placed on 

a heated (37''C) Lucite stage, and covered with pre-moistened gauze in preparation for 

intravital fluorescence microscopic evaluation of the left ventricular epicardial 

microcirculation. 

Preparation of coronary perfusate. The coronary perfiisate used m this study was 

a modified Krebs-bicarbonate solution (NaCl 90 mM, KCl 30 mM, CaCli 2.5 mM, KH2PO4 

1.2 mM, MgSO/TI^O 1.2 mM, NaHCO, 25 mM, glucose 5 mM, EDTA 0.08 mM) that 

contained 2.0g/100ml boviae serum albimm (firaction V, Sigma) and washed human red cells 

(American Red Cross) to a hematocrit of 20% [139,209]. To maintain a stationary field for 

visualizing the coronary microcirculation, the potasshmi in the perfusate was elevated to 30 

mM. The sodium was reduced to maintain isotonicity [210], Blood cell concentrations in 

the perfiisate were determined by an automated cell counter (Serono Diagnostics, System 

Model 9018 CP). Typically, the perfiisate contained approximately 1% of the total niunber 

of leukocytes and less than 1% of the total number of platelets. The perfiisate was gassed 

with 95%02-5% COj. Perfiisate pH was corrected by adding 8.4% sodium bicarbonate and 

blood gases were measured throughout the e?q)eriment with a blood gas analyzer 

(Radiometer, ABL 330). Typical values obtained were pH=7.45, p02=550 mmHg, 

pC02=60 mml^. This blood cell-containing perfiisate is referred to as K(2)RBC. Perfiision 
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with this red blood cell perfusate (K(2)RBC) phis albunda maintains both a stable coronary 

vascular resistance and coronary microvascular integrity better than Krebs solution alone 

[90,219-221,236], 

Preparation of labeled diluted whole blood The procedure for labeling the 

leukocytes in diluted \^ole blood was described previously [210,236], Briefly, freshly 

drawn heparinized blood was obtained by cardiac pimcture from an anesthetized donor rat. 

The blood was centrifiiged (Baxter, Megafiige l.OR) to separate the platelet-rich plasma, the 

white cell pellet and the red blood cells. The red cells and plasma were collected, 

recombined, and stored together on ice. The remaining white cell pellet was resuspended 

in four ml of an acridine orange solution (AO) (O.Olmg AO/ml PBS) (Sigma) and incubated 

at room teinperature for 15 min This concentration of acridine orange does not affect wdiite 

cell function [210,222,236]. The wdiite cell pellet was washed twice to remove 

fluorochrome not associated with cells. The WBC pellet was then washed twice with a 

PBS/albumin sohition (4°C), Next, the labeled cells were recombined with the red blood 

ceDs and plasma and then diluted 1:1 with modified Krebs. This solution was referred to as 

labeled diluted >\^ole blood (DWB*). T>^ical blood gases and blood cell counts for this 

solution were pH 7.35-7,45, Oj saturation >85%, Hct 21%, leukocyte concentration 

260044 and platelet concentration 3.69 x lOV/iL DWB* was warmed in a 37''C water bath 

(Precision, model 181) for 10 min prior to perfusion, hi Group m, DWB* was incubated 

with 5mM pentoxifylline (PTX) for 30 minutes. Previous studies indicate that this 

concentration is effective in altering several leukocyte properties inchiding inhibiting 
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pseudopod formation [180], decreasing F-actin content [187] and inhibiting surface 

expression of CDllb/CD18 [240,241]. 

Direct visualization of the coronary microcirculation. The isolated heart was 

oriented on the microscope stage with the free wall of the left ventricle &cing up. A large 

coronary vein which courses from the apex to the base of the heart was used to orient the 

heart. The epicardial microcirculation was illuminated with a mercury lanq) and viewed with 

an epi-fhiorescence microscope (Zeiss, MPS). The microscope image was viewed 

continuously with a low-light-level silicon-intensified target video camera (Hamamatsu 

C2400) and was displayed on a video monitor (Panasonic, WV5410). With the 32X 

objective, the microscopic field was 350^m x 270/im, with a specimen to monitor 

magnification of780X. Images were recorded periodically on a 1/2-ni. videotape recorder 

(Nfitsubishi, U82). At each observation point, five to seven coronary capillary fields and five 

to seven venules (20-100/^1 in diameter) were selected at random and videotaped for at 

least 30 seconds. On video playback, the nximber of leukocytes that were in the plane of 

focus and \^ch remained stationary in a capillary for at least 30 seconds were considered 

stationary. These cells were counted and expressed as leukocytes/capillary field [210,236]. 

Each capillary field contained about 20-22 capillaries oriented horizontally. For the venule, 

the leukocytes that were in the plane of focus on the top and bottom margms of the vessel 

and remained stationary for at least 30 seconds were counted as adhered and expressed as 

leukocytes/lOO^m veniile [201,225,226,236]. This measure is representative of leukocyte 

adhesion to venules. 
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Determination of leukocyte size. Leukocyte size was measured in blood from four 

rats. Whole blood (40/zl) was pipetted onto a glass slide and gently smeared across the 

sur&ce. The samples were allowed to air dry for 15 min and then stained (DifR^ck, Baxter) 

for differential cell coimting. Foiu: slides from each blood san^le were prepared. Cells 

were visualized with a 63X objective on a light microscope (Zeiss, Standard 20) and 

leukocyte diameters were measured with a calibrated eyepiece reticle. 

Other physiological measures. The coronary circulation was perfused at constant 

flow (3 ml/min) with a roller pim^ (Cole Parmer, Masterflex 7518-00)) and confirmed 

periodica^ by a timed collection of perfiisate into a graduated cylmder. Coronary perfusion 

pressure was measured continuously through a sideline with a pressure transducer (Viggo-

Spectramed, Model TNF-R) and monitor (World Precision Instruments BPl-B). Coronary 

vascular resistance was calculated as coronary perfiision pressure (mm Hg) /coronary flow 

(ml/min) /heart weight (gm). 

Experimental protocol. The isolated rat hearts were perfused for 30 minutes at 36-

37°C with K(2)RBC. Heart ten^erature was recorded continuously with a pediatric 

temperature probe and monitor (YSI). After the 30 mni preischemic period, the hearts were 

subjected to 30 min of nonnothermic (36°C-37°C), global ischemia. These hearts were 

reperfiised for 7 min with either DWB* + phosphate buffered saline (vehicle, or VEH) or 

DWB*+ PTX (5mM) followed by IC(2)RBC. The total reperfiision period was 35 min. 

Nonischemic control hearts were perfiised for 60 minutes with K(2)RBC, then for seven min 

with DWB*, then with K(2)RBC. DWB* was perfiised via a side port, located immediately 

iq)stream of the heart, at 3ml/min with a syringe pump (Harvard Apparatus, Model 11) (see 
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Figure 2.1). With this protocol, approximately 2% of all w^iite blood cells delivered during 

this tune are retained in the postischemic heart. Less than 1% of the ^^^e blood cells 

retained are lyiiq)hocytes and 20% are granulocytes [236]. During reperfiision, 

microvascular fields were videotaped at five min (R5), 20 min (R20), and 35 min (R35) to 

assess leukocyte retention. Microvascular fields were videotaped at corresponding time 

points in control hearts. Three groups were studied: Gr I (n=8 hearts) was a non-ischemic 

control group (NIC), Gr n (n=16 hearts) received DWB* treated with vehicle (phosphate 

buffered saline) (I/R-VEH), Gr HI (n=9 hearts) received DWB* which was incubated with 

5mMPTX(I/R-PTX). 

Statistical analysis. Data were collected and tabulated on conq)uter spreadsheets 

(Microsoft Excel 5.0). Summary data were expressed as means ± standard eiror. 

Con^arisons among groups were made by anai^'sis ofvariance. A Scheffe' post hoc analysis 

was per&rmed wiien appropriate (Statistica 3.1, Statsoft). Probabilities of 0.05 or less were 

considered statistically significant. 

RESULTS 

Coronary vascular resistance. During the 30 minute preischemic perfiision period 

there were no significant differences in coronary vascular resistance among the three groups 

studied (Gr I: 27.3 ± 4.0, Gr 11: 26.0 ± 3.0, Gr IH: 23.8 ± 1.3mmHg/(nil/min)/gm). There 

were no significant differences in coronary resistance among groups at R5 and R20. At R35, 

mean coronary resistance m postischemic hearts was mcreased compared to control hearts. 
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but the inaease was not statistically significant (Gr I: 43.0 ± 3.4, Gr 11: 61.1 ± 7.6, Gr DI: 

77.2 ± 8.2mmHg/(ml/min)/gm, P=NS). 

Determination of leukocyte size. The diameters SEM) of rat monocytes, 

neutrophils, and lymphocytes are shown in Table 3.1. Average monocyte diameters were 

larger than neutrophils, (PMN) \^ch were larger than lymphocytes. Neutrophil diameter 

(" 13^an) was more than two times the diameter of a S^an coronary capillary. 

Leukocyte accumulation in coronary capillaries. Images on the left side of Figure 

3.1 illustrate leukocyte accumulation in capillaries after S minutes of reperfiision (R5) with 

DWB*. Few leukocytes were retained in the capillaries of non-ischemic control hearts (A). 

In contrast, in postischemic hearts receiving untreated blood (C ), single leukocytes, and 

often groups of leukocytes, were trapped in the capillaries. In the hearts subjected to 

ischemia, not every capillary contained leukocytes. Very few leukocytes were observed in 

capillaries of the postischemic hearts that received DWB* treated with PTX (E). 

Figure 3.2 summarizes the resuhs of intravascular leukocyte retention diuing 

reperfiision. After five min of reperfiision (R5), there was a significantly greater retention 

of leukocytes in the capillaries of postischemic hearts conq)ared to nonischemic control 

hearts (Gr I: 2.0 ± 0.3 leukocytes/capiOaiy field vs. Gr 11:5.8 ± 0.6 leukocytes/capillary field, 

P<0.05). Pretreating the blood with PTX resulted in a significant decrease in leukocyte 

retention in the capillaries of postischemic hearts (Gr DI: 1.6 ± 0.2 leukocytes/capillary field). 

Throughout reperfiision, the number of leukocytes remaining in the capillaries of all groups 

decreased. At R35, 35-45% of the leukocytes were retained in the capillaries. However, 

a significant^ greater number of leukocytes persisted in the capillaries of postischemic hearts 
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compared to nonischemic controls (R20, Gr 1:1.7 ± 0.4 leukocytes/capillary field vs. Gr 

11:3.3 ± 0.3 leukocytes/capiOaiy field, P<0.05; R35, Gr 1:0.8 ±0.1 leukocytes/capillary field 

vs.Gr 11:2.1 ± 0.2 leukocytes/capillaiy field, P<0.05). At R20 and R35, capillary leukostasis 

in the FIX groiq> remained significantly less than capillary leukostasis in the vehicle-treated 

group (R20, Gr in 1.0 ± 0.1 leukocytes/capiUary field, P<0.05; R35,Gr HI 0.7 ±0.1 

leukocytes/capQlary field, P<0.05). 

Leukocyte adhesion to the venules. Images on the right side of Figure 3.1 illustrate 

leukocyte adherence to venules after five minutes of reperfusion with DWB*. Leukocytes 

were clearly observed flowing through the venules during the seven minutes of DWB* 

infiision, indicating that WBC's did reach these vessels. Typically, the margins of the venules 

were easity visualized and within fi)cus. Adherent leukocytes exhibited either a marginated, 

rounded moq)hology or a flattened morphology with discemable boimdaries. Leukocyte 

adherence was rarely observed in the ventiles of nonischemic control hearts (B). A small, 

but statistically msignificant, increase in leukocyte adherence was observed in the venules 

of postischemic hearts treated with vehicle (D). Leukocyte adherence was similar in the 

PTX (Fig 2,F) and vehicle-treated groups. 

Figure 3.3 summarizes leukocyte accumulation in the coronary venules during 

reperfiision. At R5, there was a doubling of adhesion in veniiles of postischemic hearts 

con^ared to non-ischemic controls (Gr I: 1.5 ± 0.6 leukocytes/lOO/zm venule vs. Gr 11: 3.2 

± 0.4 leukocytes/lOO/zm venule) but the increase did not reach statistical significance 

(P=0.08). Leukocyte adherence was similar in Gr n and Gr in (Gr HI, PTX-treated: 3.3 

± 0.4 leukocytes/100/:zm venule). At R20 and R35, the number of adhered leukocytes in the 
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Table 3.1. Determination of leukocyte size 

Cell type Diameter f̂ jm) Number of cells 

Monocyte 14.8 ± 0.3 30 

Granulocyte 13.5 ± 0.2 63 

Lymphocyte 9.4 i: 0.3 60 



112 

Figure 3.1. Representative images of capillary (A,C,E) and venule (B,D,F) leukocyte 
accumulation at five minutes of reperfusion (R5) in NIC, I/R-VEH, and I/R-PTX groups. 
A,B = NIC (Gr I); C,D = I/R-VEH (Gr II); E,F = I/R-PTX (Gr m). 
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Figure 3.2. The number of leukocytes trapped in coronary capillaries at 5, 20, and 35 
minutes ofrepetfiision following ischemia in NIC, I/R-VEH, and I/R-PTX groups. NIC= 
Non-ischenric control group (n=8) (Gr I) udiich was perfused with DWB* after 60 min of 
K(2)RBC perfiision, then perfusion was continued for 30 more minutes with K2RBC; I/R-
VEH= hearts were made ischemic (n=16) (Gr II) and received DWB* treated with vehicle; 
I/R-PTX = hearts were made ischemic (n=9) (Gr HI) and received DWB* pretreated with 
5mM pentoxifylline; * 0.05 con^ared to all other groups. The capillary field is 250/^m 
X 350fjm (0.09mm^). 
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Table 3.2 Intravascular leukocyte accumulation after 35 min of reperfusion in NIC, 
I/R-VEH, and I/R-PTX groups 

Vascular leukocyte 
location 

R5 R20 
% leukocytes 

R35 retained ^er 35 
minutes 

Capillaries 

NIC (Gr I) 

I/R-VEH (Grn) 

I/R-PTX (Grm) 

Leukocytes per capillary field 

2.0±0.3 1.7±0.4 0.8±0.1 41 

5.8±0.6» 3.3±0.3* 2.1±0.2* 36 

1.6±0.2 l.OiO.l 0.7±0.1 44 

Venules 

NIC(Grl) 

I/R-VEH (Grn) 

I/R-PTX (Gr ni) 

*P<0.05 compared to NIC 

Leukocytes per lOOutn venule 

1.5±0.6 0.2±0.1 0.1±0.02 7 

3.2±0.4 0.9±0.3 0.4±0.1 13 

3.3±0.4 0.7±0.2 0.3±0.1 9 
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venules of nonischemic control hearts and postischemic hearts did not significantly differ 

(R20, Gr 1:0.2 ± 0.1 leukocytes/lOO^mi venule; Gr H: 0.9 ± 0.3 leukocytes/100/zm venule; 

Gr ni: 0.7 ± 0.2 leukocytes/lOOpan venule; R35, Gr I: 0.1 ± 0.02 leukocytes/lOO/ion venule; 

Gr E; 0.4 ± 0.1 leukocytes/lOOpim venule, Gr DI; 0.3 ± 0.1 leukocytes/lOOp^m venide). In 

contrast to the pattem of leukocyte retention in the capillaries, there was a marked decrease 

in leukocyte adhesion to the venules in all groups. After 3 5 minutes of reperfiision, less than 

13% of the leukocytes were retained in the venules in all groups. 

DISCUSSION 

Although the best approach to limit the damage caused by myocardial ischemia is to 

reperfuse the heart, it is now apparent that additional vascular and myocyte damage occurs 

wlien blood flow is restored. Numerous studies indicate that reperfiision mjury is rapid and 

that leukocytes contribute to the damage [44,136,139,212,214,215,235]. An early event m 

the acute inflammatory response initiated by myocardial ischemia-reperfiision is leukocyte 

retention in the coronary microcirculation [236]. Because additional mjury occiu:s in the first 

moments of flow restoration [44,102,242], it is likefy that the leukocyte contribution occurs 

while the sequestered cells are still within the vasculature where they physically plug vessels 

[137] and release toxic mediators [77,216]. Buerke et aL [216] suggest that neutrophils 

injure myocytes by neutrophil-released mediators such as hydrogen peroxide and elastase, 

but that direct contact between neutrophils and myocytes may not be necessary for early 

reperfiision injury. In order to fiirther our understanding of the leukocyte contribution to 
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Hgure 3.3. The number of leukocytes adhered to coronary venules at S, 20, and 35 minutes 
of reperfiision following ischemia in NIC, I/R-VEH, and I/R-FTX groups. NIC= Non
ischemic control group (n=8) (Gr I) \^ch was perfiised with DWB* afier 60 min of K2RBC 
perfusion, then perfusion was continued for 30 more minutes with K2RBC; I/R-VEH= 
hearts were made ischemic (n=16) (Gr II) and received DWB* treated with vehicle; I/R-
PTX = hearts were made ischemic (n=9) (Gr DI) and received DWB* pretreated with 
5mM pentoxifylline. 
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eaify myocardial rq)erfusioii injury, we must know how and wiiere leukocytes accimiulate 

m the coronary microcirculation. 

In this study, the effects of pentoxifylline on early leukocyte retention m the 

coronary microdrculation was examined. We found significant capillary leukocyte retention 

during early reperfiision in postischemic hearts receiving untreated blood. Treating the 

blood with pentoxifylline significantly reduced leukocyte retention m coronary capillaries 

early in reperfiision. Because venular retention of leukocytes was not mcreased, it is not 

surprising that, in this study, venular leukocyte adhesion was not significantly ahered by the 

addition of PTX. We also report that the degree of leukocyte washout during the 

reperfusion period was greater in the venules than m the capillaries. Our findings suggest 

that the mechanisms contributing to leukocyte retention early in reperfiision following 

myocardial ischemia were dif^ent in the capillaries and venules. Our findings also suggest 

that attempts to attenuate the damaging potential of early leukostasis in the capillaries 

consider the biophysical properties of the leukocyte. 

Leukocyte accumulation in capillaries. Compared to nonischemic controls, hearts 

subjected to ischemia and reperfiised with blood demonstrated 2.5 times more leukocyte 

retention in capillaries. Using histologic assessments, other investigators also reported 

increased capillary leukocyte accumulation dxuing myocardial reperfiision 

[136,137,206,207]. Engler et aL [137] reported that myocardial ischemia-reperfusion 

resulted m a significant no-reflow phenomena. They attributed no-refiow exclusively to 

leukocyte pluggmg, as they found approximately one trapped neutrophil per nonperfiised 

capiOaiy. In contrast, we observed that, during reperfiision, not every capillary with stasis 
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contained leukocytes. Further, many nonperfused capillaries contained more than one 

leukocyte. The dif^ence in findings may be due to the way in wiiich "non-perfused" was 

measured. However, other studies have demonstrated a significant no-reflow in the heart 

without leukocytes in the perfiisate [139]. 

hi a recent histologic study, Albertine et al [207] reported that after 60 minutes of 

reperfusion following 90 mmutes of coronary artery occhision m cats and dogs, mtracapillary 

leukocyte sequestration increased two- to five- fold. Similarly, we observed that leukocyte 

sequestration more than doubled in postischemic hearts reperfiised with unactivated blood. 

This observation was made at 5 minutes of reperfiision, v^^en the heart was being reperfiised 

with DWB*. We could not clearfy identify leukocytes outside of the vasculature during the 

initial 35 minute reperfiision period. Likewise, Albertine et aL [207] found that a 

nonsignificant number of neutrophils accumulated outside capillaries (or venules) afler 60 

minutes of reperfiision. Together, these findmgs suggest that leukocyte contribution to early 

reperfiision damage occurs \^Me the leukocytes are intravascular. The resuhs of this study 

appUes to early reperfiision injury, thus, caution must be exercised when comparing these 

findings to the results of in-vivo studies in v^iiich injury was assessed hours after reperfiision 

was initiated. 

The mechanisms responsible for leukocyte sequestration hi coronary capillaries 

during reperfiision are multi&ctoiiaL Leukocyte sequestration in the capillaries may be due 

to alterations m blood flow, the state of leukocyte activation, extravascular factors, 

leukocyte physical properties, and leukocyte-endothelial adhesion &ctors. Other 

investigators have reported an increase m leukocyte retention m capillaries during low flow 
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perfiision and reperfiision states [191-193,197]. However, in this study, blood flow during 

repeiiiision was maintained constant at preischemic values (3m]/ii]in), eliminating the 

possibility that blood flow reduction contributed to leukocyte sequestration. In the current 

study, postischemic hearts were reperfiised with diluted whole blood containing unactivated 

leukocytes. Hie process of cell labeling does not appear to increase adhesion [210], Under 

these conditions, we observed a significant increase in leukocyte retention in the Group II 

capillaries. This suggests that the leukocytes do not need to be activated to sequester in the 

heart. However, leukocyte activation increases sequestration [236]. bi nonischemic hearts, 

McDonagh and Ratizzino [210] found that leukocyte activation with fMLP doubled the 

number of leukocytes trapped in coronary capillaries, but little if any adhesion was observed 

in venules. We recently reported that when postischemic hearts were reperfiised with blood 

preactivated with fMLP, leukocyte retention in the capillaries was four times greater than 

in nonischemic control hearts reperfiised with nonactivated blood [236]. Together, these 

results suggest that both the ischemic msult and the state of leukocyte activation contribute 

to the degree of leukocyte retention in coronary capillaries following ischemia. 

Leukocyte size and deformability also play a major role in leukocyte sequestration 

in capillaries [162,176,181,237]. The average leukocyte diameter (9-15/zm) is greater than 

the average coronary capillary diameter (4-S/:^). Considerable A^diite blood ceU deformation 

must occur for WBC passage through the capillary network [162,224]. Our measurements 

of rat leukocyte diameters (Table 3.1) are somewhat larger than the reported diameters of 

spherical, human leukocytes (8-10/:zm) [176,243,244], most likely due to the blood smear 

technique we used. Nonetheless, it is evident that a rat neutrophil is at least twice the size 
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of a coronary capillary. Di-vitro, Downey et aL [176] demonstrated that the larger 

leukocytes (neutrophils and monocytes) were retained in polycarbonate filters (5 /^m pore 

diameter) to a greater extent than the smaller leukocytes (^oi^hocytes). In our model of 

ischemia-reperfosion, primarify neutrophils, and very few lynqihocytes, were retained in the 

heart in the first moments of reperfiision [236]. Because neutrophils are larger than 

lynq)hocytes, they may be preferentially trapped in the capillaries. 

Li addition to hematologic Actors, there is evidence that extravascular &ctors 

contribute to leukocyte sequestration in capillaries of postischemic hearts. Chien [162] 

reported that the minimum diameter of a capfllaiy through w^ch a leukocyte can pass is 

about 2.6 /zm. This suggests that a reduction in the effective diameter of capillaries would 

promote leuko(^e sequestration. Manciet and colleagues [234] recently demonstrated that 

after 30 minutes of global, nonnothermic n^^ocardial ischemia, mean capillary diameter was 

significant^ decreased by about 22%. This capillary con:q)ression was caused primarily by 

intercellular edema. Reynolds and McDonagh [139] also found that rat hearts which 

received diluted Avhole blood prior to 30 minutes of ischemia demonstrated a significant 

increase in transcoronary albumin extravasation and a significant decrease in perfiised 

coronary capillarity con^ared to controls. Ischemia-reperfiision may also resuh in 

endothelial cell swelling with subsequent capillaiy hunenal narrowing A^ch would also 

promote leukostasis. Although consistent evidence for endothelial cell swelling is lacking 

in the heart [65,135], others have observed endothelial cell swelling m capillaries of skeletal 

muscle subjected to ischemia-reperfiision [245] and hemorraghic shock [191,246]. We 
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suggest that dining myocardial reperfusion, neutrophil cell size and a reduction in capillary 

diameter are inqiortant determinants of leukocyte retention in the capillaries. 

The effect of pentoxifylline on leukocyte retention in capillaries. We observed a 

dramatic decrease in leukocyte retention in the capillaries of postischemic hearts \^dlen the 

reperfiisate was treated with pentoxifylline. Early in-vitro studies described multiple blood 

effects of FIX, including increased erythrocyte membrane flexibility, increased filtration rate 

of whole blood, decreased red cell and platelet aggregation, release of prostacyclin firom 

endothelial cells, and decreased fibrinogen levels [239]. Recent in-vitro and in-vivo studies 

found that PTX affects both leukocyte biochemical fimction and biophysical properties. 

PTX-induced alterations in biochemical fimction include an increase in cAMP production 

[241,247,248], the inhibition of leukocyte degranulation and superoxide formation, and a 

decrease in adhesion molecule e^^ression [240,241]. 

With respect to leukocyte physical properties, Chien [162] reported that the 

deformational behavior of the leukocyte can be altered by disruption of the cell cytoskeleton, 

which includes the microfilaments (actin filaments) and the microtubxiles. Using the 

microp^ette aspiration technique, Chien demonstrated that leukocytes treated with 

cytochalasin B, which disrupts actin filaments, are more deformable than untreated cells. 

Pentoxifylline also disrupts the leukocyte cytoskeleton. Rao et aL [187] reported that 

pentoxifylline causes a decrease m the F-actin content and inhibits ligand-induced capping 

in human neutrophils and lynq>hocytes. Shnilarfy, Armstrong et aL [182] and Needham et 

al [183] reported a direct correlation between the decrease in F-actin content and the time 

it takes a leukocyte to be aspirated through a microcapillary. Schmalzer and Chien [184] 



125 

demonstrated that PTX (10 mmol/L) treatment significantly lowered the filtration pressure 

required to pass leukocytes throu^ pol^caibonate fibers containing Sfim pores. In addition, 

Rao et al [187] reported that PTX decreased polymerized actin (F-actin) in unactivated 

neutrophils and thereby increased their deformability. In the present microcirculation study, 

it is likely that PTX had gimilar effects on leukocyte behavior. We suggest that the addition 

of PTX to the blood (DWB*) resuhed in an increase in leukocyte deformability \^iiich 

facilitated their passage through the coronary capillaries. It is also possible that PTX 

contributed to the observed decrease in leukocyte retention in the capillaries by altering 

leukocyte-endothelial adhesive interactions. Actin polymerization and cytoskeletal 

interactions play an inq)ortant role in neutrophil adhesion [249-251]. As previously 

described, PTX is known to induce acdn depolymerization. Currie et aL [241] reported that 

pentoxi^dHne caused a decrease m CR3 (CDl lb) expression in leukocytes. Similarly, using 

a monoclonal antibody (anti-mo-1) and flow cytometry, Wautier et aL [240] demonstrated 

that the incubation of pentoxifylline (1 mM and 5 mM) with normal monocytes resulted in 

a significant reduction of CDl lb/CD18 e?q)ression. There is some evidence to suggest that, 

in eaify reperfiision, CDl lb/CD18 adheaon protein on the sur&ce of the leukocyte interacts 

with constitutively e?q)ressed ICAM-1 on the capillary endothelium [125,125]. A PTX-

induced decrease in leukocyte CDl lb/CD18 may resuh in a decreased ability of the cell to 

mteract with ICAM-1. However, although PTX is known to inhibit the leukocyte 

CDl lb/CD 18-mediated adhesion to endothelial ICAM-1 [240,241,252], there is evidence 

that ICAM-1 is not significantfy upregulated m coronary capillary endothelium m the early 

minutes of reperfiision foUowdng ischemia [121]. The selectin &mily of adhesion proteins 
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are known to play a role in leukocyte-mediated reperfiision injury [233], However, the exact 

role, if any, of selectins in earfy leukocyte retention in capillaries is not fiiUy understood. To 

date, the effects of PTX on the leukocyte L-selectin adhesion protein have not been 

reported. We suggest that hi the heart, extravascular factors, leukocyte physical properties 

of cell size and deformability, and perhaps cell adhesive mteractions are responsible for 

leukocyte retention m capillaries earfy m reperfiision. Pretreating the blood with 

pentoxi^iline may alter both the biophysical and adhesive properties such that significantly 

fewer leukocytes are retained in the capillaiy network during reperfusion. 

Leukocyte accumulation in venules. In the hearts subjected to ischemia and 

reperfiised at normal flow with diluted \i\^ole blood (Gr II), we observed a modest but 

statistically msignificant increase in leukocyte adhesion to postcapillary venules. This 

observation was une}q)ected. Other studies report venular adhesion of leukocytes in the 

heart following ischemia. Albertine et aL [207] reported that after 60 minutes of reperfusion 

following 90 minutes of coronary artery occlusion, leukocytes were retamed in coronary 

capillaries as well as in postcapillary venules. They found that venular leukocyte 

accumulation was two- to three-fold greater than m sham-operated control hearts [207], 

In ischemia-reperfiision studies in other microvascular preparations [203], leukocytes 

accumulate primarily in post-capillary venules during reperfiision. For example, in an 

ischemia-reperfiision study in skeletal muscle, Lehr et aL [203] reported a marked increase 

in leukocyte adherence to postcapillary venules. The difl^ence in these findings and those 

observed for Group II in our study may be e?q)lamed by the state of activation of the 

leukocytes as they traverse the postischemic microcirculation. We previously demonstrated 
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[236] that during reperfusion under conditions of normal blood flow, activation of both 

blood cells and vascular endothelial cells may be reqiiired to observe significant adhesion of 

leukocytes to veniiles. In-vivo, ischemia-reperfusion may damage the microcirculation as 

weE as induce an acute activation of blood. The activation of both endothelium and blood 

cells may enhance adhesion of leukocytes to venules. Results firom other studies indicate 

that stimulated leukocyte adherence to venular endothelium may be sensitive to treatment 

with PTX [241,252]. There is also evidence to suggest that PTX is effective in mhibiting 

degranulation and superoxide formation of activated neutrophils [241]. The fimctional 

significance of these observations during the first minutes of n^ocardial ischemia-rep erfiision 

warrant fiuther investigation. 

In addition to the state of leukocyte activation, another possible reason to explain 

why myocardial ischemia-reperfiision did not cause a significant increase in leukocyte 

adhesion to coronary venules is that shear forces in the veniiles may be greater than 

leukocyte-endothelial adhesive forces. In our study, the postischemic, hearts were 

reperfiised at the preischemic flow rate. On a per gram basis, the blood flow through the 

coronary circulation is high con^ared to other vascular beds. During reperfiision, a decrease 

in blood flow and subsequently, shear forces, may promote leukocyte adhesion to 

postischemic venules. Under these conditions, PTX may be effective in decreasing leukocyte 

adhesion. 

In conclusion, identification of the exact locations and mechanisms of microvascular 

leukocyte accumulation is in:q)ortant in our overall understanding of the role of blood 

components in the early phase of myocardial ischemia-reperfiision mjury. This 
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imderstanding is necessary to develop effective therapies to limit this con^lication of 

reperfiision. The direct observations of leukocyte retention in the microcirculation reported 

in the cuirent stucfy indicate that, early in reperfiision after ischemia, imactivated leukocytes 

are retained in capillaries and, to a lesser extent, in venules. Pentoxifylline was effective in 

reducing leukocyte retention in the capillaries of postischemic hearts. The results also 

indicate that during 35 minutes of reperfiision, leukocyte persistence is greater in the 

capillaries than in the venules. Together, these results suggest that the mechanisms 

contributing to leukocyte retention early in reperfiision following myocardial ischemia are 

indeed dif^ent in the capillaries and venules. These findings also suggest that pentoxifylline 

may be usefiil in limiting the leukocyte contribution to early reperfiision injury. 
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CHAPTER 4. LOW FLOW REPERFUSION FOLLOWING KCHEMLV 
ENHANCES LEUKOCYTE ACCUMULATION IN THE CORONARY 
MICROCIRCULATION 

ABSTRACT 

During eaify repeifiision foflowiDg myocardial ischemia, the mechanisms responsible 

for leukocyte accumulation in the coronary microcirculation are unclear, hi this study, we 

determined the effects of a moderate and severe reduction in reperfiision blood flow on 

leukocyte accumulation in coronary capillaries and post-capiDary venules. Isolated rat hearts 

were perfused for 30 miiij then subjected to 30 min of 37''C, no-flow ischemia. Using 

intravital microscopy, the deposition of fhiorescentfy labeled leukocytes was observed 

directly in coronary capillaries and venules. Leukocyte deposition was measured at 5, 20, 

and 35 min afler reperfiision (R). Blood cell velocity was measured in venules at R5, and 

shear rate (sec'̂ ) was calculated. Four groups were studied: nonischemic control hearts 

(NIC, n=8) and postischemic hearts reperfiised at fiill flow (I-R 100, n=16), at 50% (I-R 50, 

n=9) and at 10% (I-R 10, n=7) of fiill flow. We found that \^en postischemic hearts were 

reperfiised at fiill flow, there was a significant increase in leukocyte trapping in capillaries 

con5)aredtoNIC(R5: I-R 100 = 5.7±0.6 leuks/capillary field vs. NIC = 2.0±0.4, P<0.05). 

However, the increase in adhesion to venules was not statistically significant (I-R 100 = 

3.2±0.4 leuks/lOO/Lzm venule vs. NIC = 1.5±0.61euks/100/zm venule, P<0.2). When 

reperfiision flow was reduced to 50% of fiiU flow, a fiirther increase in leukocyte 

accumulation occurred in the capillaries (R5: I-R 50 = 10.3±1.1) but not in the venules. 

However, when hearts were reperfiised at 10% of fiiU flow, there was a statistically 
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agnificant increase in both capillary (R5:1-R 90 = 9.2±0.8, P<0.05) and venule (R5:1-R 90 

= 4.4±0.5, P<0.05) leukocyte accumulation. Shear rates in the I-R 100 and I-R 50 groups 

were similar (I-R 100 = >294 ±25sec'' I-R 50 = 242±24 sec*'). However, shear rate in the 

I-R 10 group was significantly reduced (I-R 10 = 84±10sec'' ). hi three separate 

eT^erimoits, hearts were reperfiised with DWB* at 10% of fiill flow throughout the entire 

35 min repetfiision period, hi these hearts, leukocyte accumulation m capillaries increased 

and reached a steady level However, a steady increase in leukocyte accumulation occurred 

in the venules. These results suggest that when reperfiision blood flow is significantly 

reduced, leukocyte accumulation in the microcirculation is enhanced. This accumulation 

may, in turn, exacerbate ischemia and increase the blood contribution to earfy reperfiision 

injury in the heart. 

INTRODUCTION 

Restoration of blood flow to the isdiemic heart is the most effective approach to limit 

cell deatL However, it appears that the act of reperfiision causes additional tissue damage 

and that leukocytes contribute to this injury [44,136,139,212,214,215,235]. Leukocytes 

contribute to myocardial ischenda-reperfiision injury by releasing cytotoxic oxygen radicals 

and proteofytic enzymes, resulting in both vascular endothelial and nQ'ocyte contractile 

dysfimction [44,107,216]. To effectively combat the leukocyte contribution to myocardial 

ischemia-reperfiision injury, we must know when, v^ere and under wdiat conditions 

leukocyte accumulation occurs. Recent studies have demonstrated that leukocytes can cause 

additional damage in the first moments of reperfiision. Buerke et aL [216] and Albertine et 
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aL [207] suggest that neutrophil-mediated cardiac myocyte injury during early reperfiision 

may depend on difiiision of neutrophil-released mediators from neutrophils located ^vithin 

the vasculature. McDonagh and Reynolds [44] demonstrated that perfiision of postischemic 

rat hearts with diluted whole blood for the first five min of reperfiision alone was sufBcient 

to cause a significant decrease in the recovery of pump fimction. In humans. Pearl et aL 

[34] found that perfiision of tran^lanted hearts with A^^ole blood for the first 10 minutes of 

reperfiision was sufBcient to cause significant myocardial ukrastructural and biochemical 

damage. 

The conditions >\diich promote leukocyte accumulation during early reperfiision are 

imclear. Hie state of leukocyte activation is one in^ortant consideration. We demonstrated 

that during the first minutes of reperfiision following ischemia, leukocytes sequester in both 

the capillaries and the venules [236]. When postischemic hearts were reperfiised with blood 

containing unstimulated leukocytes, there was a significant mcrease in leukocyte 

sequestration in coronary capillaries. However, there was a statistically insignificant 

increase in unstimulated leukocyte adhesion to the venules of postischemic hearts compared 

to nonischemic control hearts. This observation in the venules was surprising, in light of 

reports that significant leukocyte adhesion to venules occured in other models of ischemia-

reperfiision [199,225]. We found that when the blood was preactivated with fMLP, 

leukocyte retention in postischemic hearts was significantly increased in both the capillaries 

and venules. Activating the blood served to increase the forces of leukocyte-endothelial 

attachment by increasing the sur&ce expression of leukocyte adhesion molecules [229]. This 

suggested that under conditions of fiiU flow reperfiision, increasing the forces of leukocyte-
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endothelial attachment results in an increase in early leukocyte accumulation in the venules. 

In addition, the forces of leukocyte-endotheUal detachment are in^ortant to consider. 

It appears that adhesion is inversely related to flow and shear. Under full blood flow 

conditions, shearing forces of the blood as it moves through the vessels acts to detach 

leukocytes from the endothelium. Atherton and Bom [188], Mayrovitz et aL [189], and 

Schmid-Schonbein [190] demonstrated that reduced blood flow reduces vascular wall shear 

rate and promotes leukocyte-endothelial adhesion. Other studies suggest that leukocyte 

adhesion may increase as blood flow decreases. This inverse relationship has been observed 

in e7q)erimental models of shock [191] and in models of ischemia and reperfusion in the brain 

[194], lung [195], and skeletal muscle [196]. The relationship between reduced coronary 

blood flow during early reperfusion and leukocyte accumulation [136,144,145]have also 

been observed in the heart. However, the effects of reperfiision flow rate on leukocyte 

deposition m the coronary microcirculation have not been previously observed. These 

observations are in^ortant, as current therapies for severe coronary artery disease hi 

humans, such as thrombolysis, cardiac bypass grafting, and cardiac transplantation not only 

mchide a period of isdiemia followed by reperfiision, but are often accompanied by a period 

of reduced blood flow during the early reperfusion period [22,31,198]. If reduced reflow 

enhances leukocyte deposition, then reperfusion injury be be exacerbated. Identification of 

the exact locations of leukocyte sequestration in the first mmutes of low flow reperfusion 

may direct specific therapies to limit leukocyte mediated reperfusion mjury. 

This study was designed to determine the effects of changmg coronary blood flow 

on leukocyte accumulation in the coronary capillaries and post-capillary venides during early 
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reperfiision following ischemia. We fi)imd that, con^ared to postischemic hearts reperfiised 

at fiin flow, a moderate (50%) reduction in coronary blood flow during reperfiision resulted 

in a fiuther increase in leukocyte accumulation in coronary capillaries, but the increase in 

coronaryvenulesremainedstatistically insignificant. However, a severe reduction (10% of 

control) in blood flow, v\Mch was accompanied by a significant reduction in shear rate, 

resulted in a significant increase in leukocyte accumulation in both capillaries and venules. 

The results of this study suggest that during myocardial reperfiision foUowmg ischemia, 

sufiident reperfiision blood flow is required to prevent exacerbating leukocyte accumulation 

in the microcirculation and enhancing leukocyte-mediated reperfiision injury. 

METHODS 

Isolated rat heart preparation. AU animal experiments in this study were performed 

in accordance with the Guick for the Care and Use of Laboratory Animals (NIH Publication 

No. 80-23, revised 1985). The hearts were isolated and iimnediately perfiised using a 

modified Langendorfif preparation, described in detail previously (see Chapters 2 and 3). 

Preparation of coronary perfusate. The coronary perfiisate used in this study was 

a modified Krebs-bicarbonate solution that contained 2.0g/100ml bovine serum albumin and 

washed human red cells (K2RBC). The preparation and the characteristics of the perfiisate 

were described in detail in Chapters 2 and 3. 

Preparation of labeled diluted whole blood Freshly drawn heparinized blood was 

obtained by cardiac pimcture firom an anesthetized donor rat. The blood was labeled with 

a fluorescoit dye, according to the procedures described previously (see Chapters 2 and 3). 
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Direct visualization of the coronary microcirculation. During reperfiision, the 

coronaiy epicardial microcirculation was direct^ visualized with an epi-fhiorescence 

microscope. The microcirculation was initially brought into focus usmg a 5X objective. A 

32X objective was used to collect data. With the 32X objective, the specimen to monitor 

magnification was 780X. images were recorded periodical^ on a 1/2-m. videotape recorder 

At each observation point, five to seven coronary capillary fields and five to seven venules 

(20-100/:zm in diameter) were selected at random and videotaped for at least 30 seconds. On 

video playback, the number of leukocytes that were in the plane of focus and which 

remained stationary in a capillary for at least 30 seconds were considered retained. These 

ceDs were counted and expressed as leukocytes/capillary field [210,236]. For the venule, the 

leukocytes that were in the plane of focus on the top and bottom margins of the vessel and 

remained stationary for at least 30 seconds were coimted as adhered and e?q)ressed as 

leukocytes/100^m venule [201,225,226,236]. This measure is representative of leukocyte 

adhesion to venules. 

Estimation of shear rates. Measurement of shear rate requires a measurement of 

microvascular blood flow and vessel diameter [190,201]. White blood cell velocities were 

measured using the fluorescently labeled leukocytes in the DWB* as natural markers of 

blood flow. [202,253-255]. Centerlme WBC velocities (Vwbc) closely approximate the 

velocities of centerline red blood cells and platelets [254]. Vwbc determined in 40-70 

/zm venules during the first seven minutes of reperfiision, when blood containing 

fluorescently labeled leiikocytes was delivered to the heart. During videoplayback, a 

calibrated transparent ruler was placed on the TV monitor. Vwbc (/im/sec) was measured 
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as the distance the leading edge of a leukocyte traveled in 3 or more video frames. This was 

calculated as 30 frames/sec x distance traveled 0:an)/#frames. For each venule, 3-6 WBC 

velocities were measured and averaged, hi approximately 2% of the venules in the NIC and 

I-R 100 groups the recorded centerline velocity was from a single WBC. Shear rate was 

subsequently calculated based on Poiseuille flow as 8(Vwbc/D), where Vwbc ~ centerline 

velocity/1.6 [201,226]. 

Other physiological measures. The coronary circulation was perfused at constant 

flow with a roller punq) (Cole Parmer, Masterflex 7518-00)) and confirmed periodically by 

a timed collection of pecfiisate into a graduated (^dinder. Full flow was 3ml/min, 50% of fiUl 

flow was 1.5ml/min, and 10% of fiill flow was 0.3ml/min. Coronary perfusion pressure was 

measured continuously through a sideline with a pressure transducer. Coronary vascular 

resistance was calculated as coronary perfusion pressure (mm Hg) /coronary flow (ml/mia) 

/heart weight (gm). 

Experimental protocol. Figure 4.1 shows a diagram of the isolated heart preparation 

used to study the coronary microcirculation (top) and a diagram of the e7q)erimental 

protocol (bottom). Four groups were studied: A non-ischemic control group (NIC, n=8 

hearts), and three groups subjected to ischemia and reperfiised either at 3ml/min 

(subsequently referred to as fiiU flow or 100% of control flow) (I-R 100, n=16 hearts), at 

50% of fill! flow (I-R 50, n=9 hearts), or at 10% of fidl flow (I-R 10, n=7 hearts). 

Nonischemic control hearts were perfused at the preischemic flow rate (3ml/min) for 60 

minuteswithK(2)RBC, then for seven min with DWB*, then with K(2)RBC. Hearts were 

initially perfused at 3ml/min for 30 minutes at 36-37°C with K(2)RBC and then subjected 
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Figure 4.1 Top: Schematic diagram of the experimental preparation (top) and the 
e?q)erimental protocol (bottom). All hearts were perfused for a 30 min control period, then 
subjected to 30 min of normothermic, global ischemia. All hearts were reperfused for 35 
tnin Weo images of capillaries and venules were collected at R5, R20, and R35. Coronary 
perfiision pressure was measured at these times. On videoplayback, leukocyte acciunulation 
was assessed at R5, R20, and R35, and blood cell velocity measurements were assessed at 
R5. 
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to ischemia After this 30 min preischemic period, the heaits were subjected to 30 min of 

noimothenmc, global ischemia. The hearts were reperfiised for seven min with DWB* 

followed by K(2)RBC at the appropriate flow rate. The total reperfusion period was 35 

min. Heart teiiq)erature was recorded continuously with a pediatric temperature probe and 

m o n i t o r ( Y S I ) .  D W B *  w a s p e r f i i s e d  w i t h  a  s y r i n g e p u n q )  ( H a r v a r d  A p p a r a t u s ,  M o d e l  I I )  

via a side port located immediately upstream of the heart, to avoid activation of the WBCs 

by the extracorporeal circuit (Figure 4.1). During reperfiision, the microcirculation was 

inidalty brought into view using the SX objective. Microvascular fields were videotaped at 

S min (R5), 20 min (R20), and 35 min (R35) to assess leukocyte retention. Microvascular 

fields were videotaped at correspondmg time points in control hearts. White blood cell 

velocities were also measured during videoplayback. 

A separate series of experiments was conducted to conq)are the efifects of seven 

minutes of low flow reperfiision of postischemic hearts with blood containing leukocytes 

(I-R 10 DWB* 7 min) to the effects of leukocyte delivery during the entire reperfiision 

period. Isolated hearts (n=3) were subjected to isdiemia and reperfiised with DWB* at 10% 

of normal flow for the 35 minutes of reperfiision (I-R 10 DWB* 35 min). Leukocyte 

accumulation in the coronary microcirculation and other physiological measurements were 

assessed as described above. 

Statistical analysis. Data were collected and tabulated on computer spreadsheets 

(Microsoft Excel 5.0). Summary data were expressed as means ± standard error. 

Comparisons among groups were made by ANOVA. A Scheffe' post hoc analysis was 

performed when appropriate (Statistica 3.1, Statsoft). For comparison, R5 leukocyte 
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accumulation data was also analyzed using the Kruskal-Wallis test because the NIC data 

were not normally distributed. The significance within groups was in agreement with 

analysis of variance results. Probabilities of 0.05 or less were considered statistically 

significant. 

RESULTS 

Leukocyte delivery. Table 4.1 indicates the average number of leukocytes delivered 

to the isolated hearts in each group during 7 minutes of reperfiision with DWB"'. The 

nimiber of leukocytes delivered to hearts m the NIC and I-R 100 groups were similar 

(NIC=49.9xlO® ± 8.2x10®, I-R 100=50.3x10® ± 4.1x10®). Hearts reperfiised at 50% of M 

flow (I-R 50,1.5ml/min) received approximate^ 60% of the niimber of leukocytes received 

by the control group, \^Me hearts reperfiised at 10% of normal flow (I-R 10, 0.3ml/min) 

received approximately 10% of the number of leukocytes received by controls. Previous 

studies demonstrated that, in this model of ischemia-reperfiision, primarily 

polymorphonuclear white blood cells are retained in postischemic hearts [236]. 

Leukocyte accumulation in the coronary capillaries. Figure 4.2 gives representative 

images of leukocyte accumulation in coronary capillaries (left hand images) after 5 minutes 

of repeijSision in nonischemic controls, and in postischemic hearts reperfiised at fiiU flow and 

at 10% of normal flow. Few leukocytes were retained in the capillaries of nonischemic 

control hearts (A). There was an mcrease in leukocyte accumulation in capillaries of 

postischemic hearts reperfiised at fiill flow. Li this group, we most often observed smgle 

leukocytes (C) trapped in the capil lar ies .  We were able to visual ize approxunately 300fjm 
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Table 4.1. Total leukocytes delivered during normal and low flow reperfiision 

Group DWB* flow rate Total leukocytes delivered fxlO^j 

NIC 3 49.9 ± 8.2 

IR-100 3 50.3 ±4.1 

IR-50 1.5 31.0 ±2.0 

IR-10 0.3 4.5 ±0.4 
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segments of most capillaries. Low-flow repeiiusion resulted in an even greater leukocyte 

accumulation in the capillaries (£). A row of trapped leukocytes within a capillary was a 

cormnon observation during low flow reperfiision. During low flow reperfusion, WBCs 

often oscillated smooth^ back and forth in a capillary, but did not move forward through the 

vessel 

Figure 4.3 is a histogram that displays the distribution of the nimiber of leukocytes 

per video field at R5, R20, and R35 (left to right) in the four groups studied (top to bottom). 

The x-axis represents the number of leukocytes/field, and the ^/-axis represents the relative 

frequency of each leukocyte count. Frequency (%) is defined as the nimiber of fields with 

a ^edfic range of counts divided by the total number of fields observed. Figures m row A 

represent the nonischemic control group (NIC). At R5, few leukocytes are retained m the 

capillaries. During the 35 minute perfiision period, many of the leukocytes wash out of the 

microcirculation, represented by a leftward shift of the distribution. Figures in rows B, C, 

and D represent the results for postischemic hearts reperfiised at full flow (I-R 100), 50% 

of normal flow (I-R 50), and 10% of normal flow (I-R 10), respectively. At R5, leukocyte 

retention in capillaries of postischemic hearts in all groups was mcreased compared to 

nonischemic controls. This is represented by the rightward shifts of the distribution coimts. 

The rightward shift is more prominent during low-flow reperfiision (C and D) than during 

fiiU flow rq)erfiision (B). Over time, there is also a modest leftward shift in the distribution 

counts of postischemic hearts. This suggests that a washout phenomena occurs in these 

groiq)s as wel However, the shift leftward is delayed and less prominent m the I-R 50 (C) 
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and I-R10 groups (D), suggesting that a greater number of leukocytes remain trapped later 

in reperu&ion in the low-flow group. 

Table 4.2 summarizes the average number of leukocytes/capillary field at R5, R20, 

and R3 5 in the four groups studied. Ischemia-reperfusion at the normal flow rate caused 

significant leukocyte trapping in capillaries. When reperfusion was reduced to 50% of 

control, mean leukocyte retention in the capillaries was about twice that observed in the fiill-

flow reperfusion group. When reperfusion was reduced to 10% of control, leukocyte 

retention in the capillaries remained about two times greater than during reperfusion at 

normal flow (R5: I-R 90 = 9.2±0.8, P<0.05). The persistence of intravascular leukocyte 

adhesion during the reperfiision period is also mdicated. This is expressed as the percent of 

R35 video count/R5 video count values. The percentage of leukocytes retained in the I-R 

10 group was approximately two times greater than all other groups. 

Leukocyte Accumulation in Coronary Venules. Hie righthand side of Figure 4.2 are 

representative images of leukocyte accumulation in coronary venules afler 5 min of 

reperfiision. We rarety observed leiikocytes remaining in the venules of nonischemic hearts. 

Compared to control hearts (B), we observed a small increase in leukocyte adhesion in 

venules of postischemic hearts reperfiised at full flow (D) and at 50% of fiill flow (not 

shown). When flow was reduced to 10% of control, a significant increase in leukocyte 

adherence was observed (F). Slow rolling and stopping of leukocytes were observed wdien 

flow was reduced to 10% of normal but not wdien flow was normal or 50% of normal. We 

also observed leukocyte aggregates (two to three cells) in the I-R 10 group (Figure 4.4). 

These cell-cell interactions were rarely observed in the other groups. 
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Table 4.2. Leukocyte accumulatioii in capillaries and venules during repeifusion in the 
NIC, I-R 100,1-R 50, and I-R 10 groups 

R5 R20 R35 %leukocytes 
retained after 35 

Capillaries (leukocytes per field) 

NIC 2.0±0.4 1.7±0.4 0.8±0.2 36 

I-R 100 5.7±0.6* 3.3±0.3* 2.1±0.2* 38 

I-R 50 10.3±1.1* 6.1±0.6» 3.7±0.5* 36 

I-R 10 9.2±0.8» 5.9±0.7* 5.4±0.7* 59 

Venules (leukocytes per 100/Lzm venule) 

NIC 1.5±0.6 0.2±0.1 0.1±.03 6 

I-R 100 3.2±0.4 0.9±0.3 0.4±0.1 15 

I-R 50 3.7±0.4 0.6±0.2 0.4±0.1 II 

I-R 10 4.4±0.5» 1.3±0.3* 0.4±0.1 9 

*P<0.05 compared to NIC 
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Figure 4.2. Representative images of leukoc^e accumulation in capillaries (A, C, £) and 
venules (B, D, F) at 5 minutes of reperfusion (R5) in the NIC, I-R 100, I-R 50, and I-R 10 
groups. NIC (A, B); I-R 100 (C, D); I-R 10 (E, F). 
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Figure 4.3. Frequency distributions of the counts of leukocytes in coronary capillary fields 
in the NIC, I-R 100, I-R 50, and I-R 10 groups. Left to right: during 5,20 and 35 minutes 
of reperfusion (R). Top to bottom: A, nonischemic control group (NIC); B, postischemic 
hearts reperfused at normal flow (I-R 100); C, postischemic hearts reperfiised at 50% of 
normal flow (I-R 50); D, postischemic hearts reperfiised at 10% of normal flow (I-R 10). 
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Figure 4.5 is a histogram that displays the distribution of the number of leukocytes 

per lOO^im venule at R5, R20, and R35 (left to right) in the four groups studied (top to 

bottom). At R5, there were no leukocytes in 60% of the venules of nonischemic hearts (A.) 

There was a dramatic degree of washout of leukocytes from the venules, shown by the 

leftward shift of the distribution curve over time. During reperfiision following ischemia (B, 

C, D), there was an mcrease in leukocyte accumulation at R5 m the venules, shown by the 

rightward shift of these distribution curves compared to NIC. Leukocyte adhesion to the 

venules of postischemic hearts did not persist over time, evidenced by the leftward shift in 

distribution curves at R35. A leftward shift in the distribution curve was not observed imtil 

R3S in the I-R 10 group, indicating that leukocytes were observed in the venules of these 

hearts for a longer period of time during reperfiision coiiq)ared to the I-R 50 and I-R 100 

groups. 

The average number of leukocytes /lOOpmi venule in nonischemic and postischemic 

coronary hearts is summarized in Table 4.2. Leukocyte adhesion to venules of postischemic 

hearts reperfiised at normal flow rates doubled, but this increase was not statistically 

significant (I-R 100 = 3.2±0.4 leuks/lOO/mi venule vs. NIC = 1.5±0.61euks/100/im venule, 

P<0.2). When reperfiision blood flow was reduced to 50% of control, the number of 

leukocytes adhered to venules was only slightly greater than that observed in the I-R 100 

group (R5: I-R 50 = 3.7±0.4, P<0.06). However, v^en flow was reduced to 10% of 

control, leukocyte adhesion in the venules was significantly increased (R5: I-R 90 = 4.4±0.5, 

P<0.05). 
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Figure 4.4. Representative image of leukocyte aggregates in the venule of a postischemic 
heart reperfused at 10% of fiill flow. Leukocyte aggregates were rarely seen in hearts 
reperfiised at 50% of fiill flow or at fiiU flow. 
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Figure 4.5. Frequency distributions of the counts of leukocytes/lOO^m coronary venule in 
the NIC, I-R100,1-R 50, and I-R10 groups. Left to right: during 5, 20 and 35 minutes of 
reperfusion (R). Top to bottom: A, nonischemic control group (NIC); 5, postischemic 
hearts reperfiised at nonnal flow (I-R 100); C, postischemic hearts reperfused at 50% of 
normal flow (I-R 50); D, postischemic hearts reperfused at 10% of normal flow (I-R 10). 
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Estimated Shear Bates and leukocyte accumulation WBC velocities were measured 

during videoplayback. The resuhs are summarized in Table 4.3. Velocities were measured 

in 35-70^ venules. Average venule diameter was 6Q[jxa. In the NIC and I-R 100 groups, 

vsiien blood flow was 3ml/min, approxhnatefy S% of the leukocytes traveled across the entire 

width of the TV monitor (340um) and out of the field of view in one video firame. This 

represented minimum velocities of 10,500/:zn]/sec. These values were recorded as 

10,500/zm/sec for calculations of the average velocities for each group. Therefore, the 

average velocities and shear rates indicated in Table 4.3 may be slight underestimations of 

the true velocity, and thus are recorded as "greater than" values. In the NIC group, 

centerline WBC velocity was greater than 2760±279^an/sec and estimated shear rate was 

greater than 301±30 s*^ In the I-R 100 and I-R 50 groups, WBC velocities (I-R 100, 

>2694±267/Lm]/sec; I-R 50 2220±210/Lan/sec) and shear rates (I-R 100, >294 ±25s"'; I-R 50, 

242 ±24s'̂ ) were similar to NIC values. However, in the I-R 10 group, velocity, and 

subsequently, shear rate, were significantly reduced to 864±90/zm/sec, and 84 ±10s'', 

re^ectivel^. Figure 4.6 demonstrates that an mverse relationship exists between shear rate 

(s ') and R5 leukocyte adhesion in coronary venules (leukocytes/lOOjum venule) during 

reperfiision following ischemia. During reperfiision, a 50% reduction in blood flow did not 

result in a significant decrease in shear rate con^ared to nonischemic controls. Leukocyte 

adhesion to postischemic voiules were smnlar in these groiq)s. In this model, ^^en the shear 

rate was approximately 240s'̂  significant leukocyte adhesion to postischemic coronary 

venules was observed. When blood flow was severely reduced and shear was decreased to 
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Table 4.3. White blood cell velocities and shear rates in the coronary microcirculation 
during reperfixsion 

Group # Vessels Velocity (ym/sec) Shear rate fs'') * 

NIC 38 >2760±279 >301±30 

I-R100 36 >2694±267 >294±25 

I-R50 36 2220±210 242±24 

I-R 10 35 864±90» 84±10» 

*P<0.05 compared to all other groups 
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about 85s'̂  (I-R 10), significant leukocyte adhesion was observed in the venules. 

Coronary Vascular Resistance. Coronary vascular resistance (mmHg/ml/min/gram) 

was not significant^ different among the four groups during the preischemic period (Figure 

4.7). During reperfiision, coronary resistance values in the I-R 100 and I-R 50 group did not 

significantly differ fi-omthe NIC group. However, when coronary flow was reduced to 10% 

of normal flow during reperfiision, coronary vascular resistance values were significantly 

higher than NIC values throughout reperfiision (P<0.5). At R35, coronary vascular 

resistance values m the I-R 10 group were approximate^ three times greater than 

nonischemic controls. 

Effects of continuous delivery of leukocytes during reperfiisioru In the previous 

experiments, the dynamics of leukocyte accumulation was assessed when DWB* was 

delivered for onfy the first seven min of reperfiision. This was usefiil, but in-vivo, leukocytes 

are continuously circulating through the vasculature. We wanted to assess the pattern of 

accumulation in the microcirculation v\^en leukocytes were continuously delivered. 

Therefore, in a separate series of experiments, DWB* was delivered to postischemic hearts 

at 10% of the normal flow rate for the entire 35 minutes of reperfiision. Microvascular 

leukocyte accumulation and coronary resistance values were conqiared to postischemic 

hearts that received DWB"' containing fluorescent^ labeled leukocytes for seven minutes 

onfy. Figure 4.8 describes leukocyte accumulation in postischemic coronary capillaries (A) 

and venules (B) in these two groups. As previously described, ^^^en leukocytes were 

delivered for the first seven min only, there was a washout of cells over time. However, 
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Flgiue 4.6. The inverse reladonsh^ between shear rate and leukocyte adhesion in coronary 
venules during reperfusion following ischemia. Leukocyte adhesion and shear rate were 
similar in the I-R 50 and I-R100 groups. In these groiq)s, leukocyte adhesion to venules was 
not significant^ different than nonischemic controls. When hearts were reperfiised at 10% 
of full flow, shear rate was significantly lower and leukocyte adhesion was significantly 
increased compared to the other groups. 
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v^^ea leukocytes were delivered for 35 minutes, average leukocyte retention increased (R5, 

II ± 1.8 leukocytes/capillary field) and then remained at a steady level throughout 

reperfiision (R20,12.8 ± 1.8 leukocytes/capillary field; R35 10.7 ± 1.5 leukocytes/capillary 

field). 

Hgure 4.8 B represents leukocyte adhesion to venules. As previously described, the 

majority of leukocytes that were delivered for seven minutes were not observed m the 

venules at R20 and R35. However, \^dlen leukocytes were continuously delivered, mean 

leukocyte adhesion to the venules initially increased (R5, 4.3 ± 0.7 leukocytes/100/:mi 

venxile) and continued to increase over time (R20, 5.19 ± 1.3 leukocytes/lOO/i^m venule; 

R35, 6.1 ± 1.2 leukocytes/100^ venule). In addition, at R35, wdien leukocytes were 

continuously delivered, we often observed large leukocyte aggregates (15-25 cells) in the 

venules (Figure 4.9). Aggregates of this type were rarely seen wdien DWB* was delivered 

at 10% of the normal flow rate for onfy 7 minutes. Coronary vascular resistance values in 

nonischemic controls and ia posdschemic hearts reperfiised at low flow with DWB* for 

seven or 35 minutes are summarized m Figure 4.10. Although leukocyte accumulation in 

both capillaries and venules was greater with continuous delivery of leukocytes compared 

to brief reperfiision with leukocytes, coronary vascular resistances in both I-R 10 groups 

were similar throughout reperfiision. 

Heterogeneity of blood flaw during reperfiision. Figure 4.10 gives representative 

images firom postischemic hearts reperfiised at fiiU flow (A) and at 50% of fiiU flow (B). 

During reperfiision at fiiU flow, blood flow to the epicardial surface was uniform. However, 

when reperfiision coronary blood flow was reduced, there were scattered areas of 
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Figure 4.7. Coiiq)arison of coronary vascular resistance (nunHg/ml/min/g) in nonischemic 
control hearts (NIC) and postischemic hearts reperfused at normal flow (I-R 100), 50% of 
normal flow (I-R 50), and 10% of normal flow (I-R 10) for seven minutes with diluted whole 
blood. 
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Figure 4.8. Con^arison of leukocyte accumulation in coronaiy capillaries (top) and venules 
(bottom) when dfluted whole blood containing leukocytes was returned to ischemic hearts 
at 10% of normal flow for seven minutes (I-R 10 DWB* 7 min) or for 35 minutes (I-R 10 
DWB» 35 min). 
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Figure 4.9. Representative image of large leukocyte aggregates (15-20 cells) in the venule 
of a postischemic heart at 35 minutes of continuous, low-flow (10% of fiill flow) 
reperfiision. 
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Figure 4.10. Con^arison of coronaiy vascular resistance (mmHg/ml/min/g) in nonischemic 
control hearts (NIC) and postischemic hearts reperflised at 10% of normal flow for seven 
mmutes (I-R10 DWB* 7 min) or for 35 minutes (I-R 10 DWB* 35 min). 
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Figure 4.11. Representative images firom postischemic hearts reperfiised at normal flow (A) 
and at 50% of normal flow (B). Stars mark the areas of nonperfused epicardium. 
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nonperfused myocardium that appear as dark spots (stars). These nonperfused areas of 

epicardial myocardram were primarily located in the capillary regions. 

DISCUSSION 

The conditions that cause significant leukocyte accimiulation early in reperfiision 

following ischemia are unclear, hi order to Hmit leukocyte-mediated myocardial reperfiision 

injury, the exact vascular locations and the conditions that promote sequestration must be 

examined. The degree of ischemic injury and the state of leukocyte activation are important 

considerations when examining the exact locations and characteristics of leukocyte 

accumulation in the postischemic coronary microcirculation. We have recently reported 

[236] that during the first minutes of reperfiision following ischemia, unactivated leukocytes 

sequester primarily in the coronary capillaries. We observed a statistically insignificant 

increase m unactivated leukocyte adhesion to the venules of postischemic hearts. These 

observations led us to consider the forces of leukocyte-endothelial attachment and 

detachment during reperfiision. With respect to the forces of attachment, we hypothesized 

that an mcrease in microcnculatory leukocyte sequestration during reperfiision would occur 

if the blood were activated, v*Wch increases adhesion receptors on the surface of the 

leukocyte. We demonstrated that when the blood is preactivated with £MLP, leukocyte 

retention in postischemic hearts is significantly increased in both the capillaries and venules 

[236]. 
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In addition to the state of leukocyte activation, blood flow dynamics are an important 

consideration in assessing intravascular leukocyte retention during myocardial reperfusion. 

These observations are in^ortant because reductions in blood flow during myocardial 

reperfusion in man has been reported. For exan^le, in humans, thrombolytic therapy for 

acute myocardial in&rction [22,31] may involve a period of low flow during the early phase 

of reperfiision. Lincoff and Topol [31] estimate that despite the overall benefits of 

thrombofytic therapy, this treatmrat is effective in producing "optimal reperfiision" in only 

25% or less of patients treated for myocardial in&rction. They define optimal reperfiision 

as "rapid, con^lete, and sustained coronary recanalization with adequate myocardial tissue 

perfiision". Results fiom large, muMcenter trials [22,31] demonstrate that of patients with 

rapid recanalization (occhided arteries that are patent at 60 minutes after therapy), 75% will 

e^^erience the return of brisk, normal coronary blood flow vsMe 25% will experience the 

return of intermediate coronary flow. Conq)ared to patients wdio experience normal flow 

during reperfiision, those >\4io e}q)erience mtermediate flow have greater infarct sizes, 

significant^ more congestive heart ftiTiire and recurrent ischemia, poorer global and regional 

left ventricular fimction, and are at higher risk fi>r reocchision [31]. Furthermore, the results 

of these trials indicate that normal, brisk coronary blood flow, but not intennediate coronary 

blood flow, during earfy reperfiision is associated with inq)roved 30-day mortality [22,31], 

Reperfiision protocols employed after cardiac bypass grafting in humans may also 

involve a controlled or gradual restoration of blood flow [198]. In studies of controlled 

versus abnq)t reperfiision in dogs, Okamoto et al [256] reported that reperfiision with whole 

blood at approximately 50% of fiill flow for the first 20 min of reperfiision limits myocardial 



171 

edema and xiltrastructural damage. Others repoited that reperfusion at approximately 50% 

of full flow with leukocyte depleted blood further reduces coronary vascular resistance, 

infarct size [257], and ultrastructural damage [258]. The adverse events that may be 

associated with reduced blood coronary flow during reperfiision following thrombolysis or 

following coronary artery revascularization are not con^letely understood. However, 

leukocyte accumulation in the microvasculature is a consistent observation during earfy, low 

flow reperfiision, and studies v^^ch more clearly define the dynamics of this phenomenon 

are warranted. 

E?q)erimental]y, early studies reported an inverse relationsh^ between blood shear 

forces and leukocyte adhesion to nncrovessels [188-190]. The relationship between a 

reduction in blood flow and an increase in leukocyte accumulation have more recently been 

observed in e;q)erimental models of hemorraghic shock [191] and ischemia-reperfiision 

[192,194-197]. In the heart, studies have also observed a relationsh^ between a reduction 

in coronary blood flow and the extent of myocardial leukocyte accumulation. EngleretaL 

[136] subjected dog hearts to 3h of coronary artery occlusion, \^ch resuhed in 

approximate^ a 60-75% reduction in myocardial blood flow. This was followed by five 

minutes of reperfiision at normal flow. They reported an inverse relationsh^ between 

regional tissue blood flow and concentrations of "^Ih-labeled granulocytes. Other studies 

observed an inverse relationship between coronary blood flow and myocardial leukocyte 

accumulation in rat hearts [144,145]. Two studies from the same laboratory were designed 

to examine the effects of an antibody towards CD-18 [144] and plasma-mediated activation 

of PMNs on myocardial fimction and ^ole heart leukocyte accumulation during 
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raperfiisinn After five mmiites of reperfUsioii following 20 min of ischemia, coronary flow 

had recovered to only about 50% [145] and 10% [144] of control values, and remained 

significant^ lower than controls throughout reperfusion. Li both of these experiments, 

leukocyte accumulation was increased and was assessed by either a myeloperoxidase enzyme 

assay [144] or by counting leukocytes that enter and leave the heart [145]. 

No studies have been designed to spedfcally examine the relationship between 

reperfusion blood flow and leukocyte accumulation. Therefore, the purpose of this study 

was to determine the effects of reduced coronary blood flow on leukocyte accumulation m 

the coronary capillaries and post-capillary venules diuing early reperfusion following 

ischemia. We found that, compared to postischemic hearts reperfused at fiill flow, a 

moderate (50%) reduction in coronary blood flow during reperfusion resulted in further 

increase in leukocyte accumulation hi coronary capillaries but not m coronary veniiles. 

However, a severe (90%) reduction in blood flow, which was accompanied by a significant 

reduction in shear rate, resulted in a significant increase in imstimulated leukocyte 

accumulation in both capillaries and venules. We also found that when postischemic hearts 

were reperfused at 10% of normal flow for 35 min with blood containing leukocytes, the 

influx and washout of leukocytes in the capillaries reached a steady state with no fiuther 

acciunulation. However, there was a steady mcrease m leukocyte accumulation in the 

venules when blood was delivered for 35 min. These resuhs may be indicative of in-vivo 

leukocyte accumulation. 

Methodologic considerations. The model for direct visualization of the coronary 

microcirculation using intravital fluorescence microscopy was first described by McDonagh 
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and colleagues [209]. Using this model, we have described the accumulation of activated 

and unactivated leukocytes in postischemic coronaiy capillaries and postcapillaiy venules 

during repeifiision at fiill flow rates [236]. The advantages of using an isolated heart model, 

a blood reperfiisate, and constant flow during reperfiision have been described previously 

[209]. Use of a constant-flow protocol ensures that the effects of ischemia and reper&sion 

are independent of changes m coronary flow that may occur under constant pressure 

perfiision [48]. In addition, in this study, a constant flow protocol allowed us to maintain 

a consistent flow upon reperfiision. 

We wanted to examme the effects of a moderate and a severe reduction in coronary 

flow on leukocyte accumulation in postischemic capillaries and venules. The physiologic 

effects of reducing blood flow by 50% and 10% of normal flow need to be considered. 

Using NADH fluorescoice photography of the sur&ce of the heart, Steenbergen et aL [259] 

observed that during low flow ischemia and reperfiision of rat hearts, coronary perfiision is 

heterogenous. Iliey suggest that during ischemia, coronary blood flow is redistributed such 

that in poorly perfiised areas, lactate accumulation may cause constriction of arterioles to 

decrease fiirther perfusion of these areas, \\iiich simultaneous^ augments perfiision of 

adjacent tissue. They fiuther suggest that an underperfiised, anoxic zone is most likely the 

capillary bed of an arteriole. Similar to the resutts of Steenbergen et al, during low-flow 

reperfiision, we observed directfy a qtmlar pattem of nonuniformrty of perfiised epicardium 

(Figure 4.10). Hie nonperfiised areas seemed to be in the capillary regions. We also found 

that blood velocity in postcapillary venules of perfiised myocardium in the I-R 50 group was 

similar to the velocity in the normal flow groups. During a 50% reduction in blood flow. 
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there may have been a redistribution of blood flow to arterioles with less resistance than 

others, thus maintaining mean coronary blood velocity [259,260]. We did observe a 

decrease in blood velocity \\dien reperfiision flow was reduced to 10% of control fii this 

case, increased lactate accumulation may have resulted in widespread coronary 

vasoconstriction. In turn, mean blood velocity would decrease. 

A reduction in coronary flow also results in decreased delivery of all substrates to the 

myocardium and reduces the rate of removal of metabolic byproducts. However, evidence 

suggests that a 50% reduction in blood flow during reperfusion may not significantly extend 

ischemia, \^dule a 90% reduction in flow may actuaUy increase the ischemic insult [48,51]. 

In metabolic studies using isolated working rat hearts. Jacobus et aL [261] and Neely et aL 

[48] reported that beyond a 50% reduction in coronary flow, metaboUc supply and demand 

balance is not maintained, and ischemia ensues. Schelbert and Buxton [51] provide further 

evidence that a 50% reduction in blood flow does not extend myocardial ischemia. Using 

positron emission tomography to assess '®F-2-deojQ'glucose (FDG) uptake, they reported 

that regional myocardial metabolism was actually increased \^^en blood flow was reduced 

but still greater than 40% of preischemic blood flow. However, they found that wlien blood 

flow was less than 20% of preischemic values, metabolism was inhibited, suggesting that the 

myocardium was severe^ ischemic. It is likely in the present study, that there was an 

extension of the initial ischemic insuh vsiien postischemic hearts were reperfused at 10% of 

normal flow. 

The coronary vascular resistance data may reflect both the extent of ischemia, 

described above, and the degree of leukocyte accumulation. Coronary resistance did not 
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increase in the posdsdiemic hearts reperfused at full flow or at a 50% reduction in flow, but 

was significantly increased \^en reperfiision flow was reduced to 10% of fiiU flow (Figure 

4.9). At R5, R20, and R35, coronary vascular resistance values in the I-R 10 DWB 7 min 

group were 1.6, 2.4, and 3.1 times greater than NIC values, respectively. Leukocyte 

accumulation was significant^ increased in both capillaries and venules in this group. The 

early (R5) increase in vascular resistance may be due to microvascular pluggmg and the 

release of vasoconstrictor substances firom leukocytes that have become trapped and 

subsequent^ activated [262]. In the I-R 10 group, leukocytes are delivered for only seven 

min, and e?diibit a sUg^ degree of washout over the reperfiision period. Therefore, the late 

(R35) increase in coronary vascular resistance in this group may be due to the persistent 

leukocyte trapping as well as the vasoconstrictor efifects of ischemia. In the separate series 

of e?q)eriments, wiien leukocytes were delivered continuously, coronary vascular resistance 

did not increase fiirther. This may suggest that 1) there is a limit to the leukocyte-mediated 

vasoconstriction that occurs earfy in reperfiision and that continued accumulation causes no 

fiirther vasoconstriction, and that 2) the fi:action of capillaries containing leukocytes was not 

great enough to increase resistance. 

Leukocyte accumulation in capillaries. When ischemic hearts were reperfiised at 

50% and 10% of normal blood flow, we found that leukocyte accumulation in capillaries 

was significantly increased compared to fiiU flow reperfiision. Leukocyte accumulation in 

capillaries of postischemic hearts reperfiised at low flow was approximately two times 

greater than in capillaries of hearts reperfiised at fiill flow. The I-R 10 group received only 

1/10 the WBCs than the I-R 100 groiq) and onfy 1/5 the cells than the I-R 50 group (Table 
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4.1), yet a significantly greater number of leukocytes was retained. When R5 leukocyte 

accumulation in capillaries is expressed as a ratio of leukocytes accurmilated/leukocytes 

delivered, the I-R 10 group retained 50 times the number of leukocytes than the I-R 100 

group. This finding indicates that a greater percentage of all cells delivered in seven minutes 

were retained >Aben flow was severely reduced. Our findings are in agreement with others 

vs^o have reported an mcrease in leukocyte retention in capillaries during low flow states. 

Using intravital microscopy, investigators have observed significant leukocyte plugging in 

capillaries of skeletal muscle during hemorraghic shock, A\dien blood pressure was reduced 

to at least half the normal value [191-193]. Using histologic techniques to study leukocyte 

accumulation in dog hearts, Engler et aL [137] reported that leukocytes were seen in 

myocardial capillaries in dogs during ischemia at a fi:equency of 10 times that found in 

normally perfused myocardium, although total flow was not measured. In a similar 

experiment, they later reported a significant correlation between regional myocardial blood 

flow and indiunt-labeled granulocyte accumulation [136]. Using direct visualization 

techniques, Yamakawa et aL [208] observed the behavior of blood cells in the left atrial 

coronary microcirculation m the cat during regional ischemia. After several minutes of 

arterial occlusion, they observed a reduction in blood flow acconq)anied by leukocyte 

phiggmg at the entrance to coronary capillaries. 

Leukocyte accumulation m capillaries is initially dependent on capillary and cell 

geometry and vascular pressure [101], Average spherical leukocyte diameter (8/^m) is 

greater than coronary capOlary diameter (5^), and considerable deformation of the 

leukocyte is required to its pass through the capillary network. Any condition which would 
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decrease the effective capillary diameter and/or decrease leukocyte deformability would 

promote leukocyte accumulatioii in capillaries. Manciet and colleagues [105] recently 

demonstrated that afier 30 minutes of global, normothermic ischemia m rabbit hearts,the 

capiUaries appeared conq)ressed. From morphometric analysis, they leamed that the 

capillary compression was caused primarify by intercellular edema, hi addition to 

extravascular capillaiy compression, endothelial cell swellmg may contribute to capillary 

lumenal narrowing [246] and subsequent leukocyte trapping [191], although direct evidence 

for endothelial cell swelling in the heart is lacking [65,135]. With respect to cell properties, 

activated leukocytes are less deformable than nonactivated leukocytes [162]. Direct 

observations of the coronary microcirculation during reperfusion following ischemia have 

demonstrated that w^e reperfusion with unactivated blood resulted in a 2.5-fold increase 

in leukocyte accumulation in capillaries, reperfusion with activated leukocytes was four 

times greater than in nonischemic controls [236]. 

Leukocyte accumulation in capillaries is also a pressure-related phenomena, hi order 

for a leukocyte to move through a capillary, the transcapillary pressure decrease (APJ, or 

the pressure necessaiy to dislodge the leukocyte, must be greater than the sum of forces 

inpeding leukocyte movement (Swbc)- forces inq)eding movement inchide leukocyte 

size and deformability, the membrane contact area between leukocytes and endothelial cells, 

and capillary diameter [101]. During low flow reperfosion, APc< Swbc ^ leukocytes 

stop in the capillaries. Hansen et aL [192] examined capillary leukostasis during ischemia-

reperfiision and hemorraghic shock in skeletal muscle. They reported that leukocytes 

phigged capillaries in both control and treated animals wiien blood pressure was reduced to 
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about one-third of normal pressure, and that capillary leukostasis was reversible in both 

groups. They concluded that capillary leukostasis was primarily a pressure-related 

phenomena and not receptor dependent. In the present study, we observed capillary 

leukostasis during reperfiision at normal flow. The fiirther increase in capillary leukostasis 

during a moderate and severe reduction in flow may be primarily a pressure-related 

phenomena. Because of the severe reduction in blood flow in the I-R 10 group, the ischemic 

insult was most likely extended in these hearts. However, we did not observe a further 

increase m capillary leukostasis when hearts were reperfused at 10% of normal flow. One 

explanation of this finding may be due to the &ct that a proportionately lower number of 

leukocytes were delivered to the hearts in this group. 

During low flow reperfusion, we also observed leukocytes that did not appear 

trapped, but did not flow forward along the capillary. These cells oscillated m rhythm with 

the pulsatile roller punq>. This observation indicates that at least some of the leukocytes in 

the capillaries were not influenced by adhesive interactions. In one ejqperiment (not mchided 

in the data set), blood flow was mistakenly increased to 3ml/min (fiill flow) after seven min 

of low flow reperfiision with DWB*. On the return to full flow, some of the leukocytes 

that were oscillating, and the red cells behind them, washed out of the microcirculation. 

It is difficult to estimate the interaction of these cells with the endothelium and their potential 

to cause mjury. We suggest that during low flow reperfusion with unactivated blood, 

leukocytes accimiulate in coronary capillaries primarily due to a reduction in capillary 

diameter and a decrease in the microvascular pressure necessary to move the leukocyte. 
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The role of leukocyte-endothelial adhesive mteractions ia the initial leukocyte 

accumulation in coronary capillaries during ischemia-reperfusion is not well defined. 

Antibodies against endothelial adhesion proteins P-selectin [IIS] and I-CAM [125], and 

against the leukocyte adhesion protein CD18 [148] have been shown to reduce leukocyte-

mediated reperfiision injury in dogs and cats. However, Weyrich and colleagues [121] found 

that during reperfiision of the ischemic cat myocardium, the expression of vascular 

endothelial P-selectin and I-CAM is limited to coronary venules with virtually no 

immunolocalization in the capillaries. The results from the current study indicate that when 

ischemic hearts are reper&sed with unactivated blood at flow rates of 50% of 10% of 

normal flow, early leucocyte accumulation in capillaries was five times greater than 

nonischemic controls and two times greater than postischemic hearts reperfused at fiill flow. 

Most of these cells were physically trapped and appeared to contact the capillary 

endothelium. During reperfiision, unactivated leukocytes that contact ischemic endothelium 

may be subsequently activated, e7q)ress adhesion proteins, and release damaging 

inflammatory mediators. 

When hearts were reperfiised at low flow with diluted \>^ole blood for seven min, 

there was a modest washout of leukocytes over the 35 mmute reperfiision period. This 

result suggests that the leukocyte plugging in capillaries is not permanent. This phenomena 

was supported by the observations made v^^en blood was delivered to postischemic hearts 

at low flow for 35 minutes of reperfiision. After the initial increase in accumulation was 

observed, there was a plateau in the number of cells remaining hi the capillaries. This 

finding suggests that, in the capillaries, a steady-state develops between the trapping and 
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washout of leukocytes. These observatioiis may have hxportant impUcations in-vivo, where 

potentially damaging leukocytes continuously circulate through the myocardial capillary 

network. These findings suggest that there may not be a net increase in leukocytes in 

capillaries over time, indicating that the capillary plugging due to leukocytes may not 

increase with time. However, new leukocytes plugging in capillaries may activate and 

release toxic enzymes and oxygen radicals. 

Leukocyte accumulation in venules, hi the present study, we found that leukocyte 

adherence to the postcapillary venules onfy doubled after ischemia and reperfusion at fiill 

flow. When flow was reduced to 50% of normal, leukocyte adherence to venules did not 

significantly increase. Estimated shear rates during reperfusion at fiiU flow and during a 50% 

reduction in flow were similar When blood flow during reperfiision was severely reduced 

to 10% of control, leukocyte adhesion in venules significantly increased. When leukocyte 

adhesion to venules is expressed as the ratio of the number of leukocytes adhered/lexikocytes 

delivered, there was a 30-fi>ld increase in leukocyte adherence to venules in the I-R 10 group 

conq)ared to adherence in nonischemic controls. Unlike capillaries, postcapillary venules 

are much greater (30-100^) in diameter than leukocytes, and adhered leukocytes do not 

appear to impede flow. During an inflammatory response, leukocyte adhesion to the 

endothelium depends on a balance between leukocyte-endothelial adhesion forces and the 

hydrodynamic di^ersal forces tending to detach them firom the endothelium [188-190,263-

265]. Estimates of coronary microdrculatory blood velocities and shear rates obtained by 

direct observation are limited. Using high speed cinematography with transillumination of 

the left ventricle, Tillmanns et aL [266] measured microvascular red cell velocities in 
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coronaiy venules (~ 20/zm) of dogs and turtles. Di the dog, mean systolic red blood cell 

velocity was approxnnatel^ 3500 fjm/sec and mean diastolic red cell velocity in venules was 

162S^m/sec. hi this study, using intravital fluorescence microscopy, we were able to 

measure blood velociiy in the coronaiy microcirculation by directly visualizing fiuorescently 

labeled v\^e blood cells in coronary venules. When flow was 3ml/min, blood velocity in 

coronary venules of the arrested rat heart was greater than 2700/zm/sec, a value that agrees 

closely with Tillmmans and associates [266]. 

We found that shear rate was approximate^ BOOsec'̂  ('-6dynes/cm^) or greater when 

nonischemic hearts and postischemic hearts were perfused at normal flow. Under these 

conditions, we did not observe a significant mcrease in leukocyte adhesion to the veniiles. 

When ischemic hearts were reperfiised at 50% of normal flow, there was not a fiirther 

increase in leukocyte adherence in venules. When reperfiision flow was reduced by 50%, 

blood velocity (2220^mi/sec) and shear rate (242sec'̂ ) were timilar to those observed at fiiU 

flow. However, when postisdiemic hearts were repeifiised at 10% of normal flow, there was 

a significant reduction in blood velocity and shear rate (84sec'̂ ) and a significant increase in 

leukocyte adherence to postischemic venules. 

Our measures of shear rate and leukocyte accumulation in venules are similar to 

others. House and L^owsky [201] examined leukocyte adherence to mesenteric venules 

over different shear rates. Hiey observed 0-3 leukocytes'lOO/zm venule adhering to venules 

under control conditions at shear rates rangmg fi-om 200-1200sec'̂  (4-32 dynes/cm^). After 

fMLP sdmulation, leukocyte adherence increased with decreasing shear rates. The greatest 

nxmiber of leukocytes adhered a shear rate of lOOsec"' (3 dynes/cm^). Without relying on 
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^ontaneous changes in shear rate. Perry and Granger [265] cannulated the arterial supply 

to the cat mesentery and varied blood velocity and shear rate over a wide range. Ihey also 

observed a progressive increase in the number of adherent leukocytes when wall shear rate 

was below 750sec"'(20 dynes/cm^. At mean shear rates of below 250sec"' (~6 dynes/cm^), 

they observed approximately 6 leukocytes/lOO^um venule. Granger et aL [196] also 

examined the relationsh^ between shear rate and leukocyte adherence in mesenteric 

venules subjected to 1 hour of low-flow ischemia and reperfiision. They found that at 10 

tnin of reperfiision, leukocyte rolling velocity and adherence to ischemic venules was 

significant^ increased. Mean shear rate was shear rate at this time point was approximately 

250sec'V When leukocyte adherence was examined over a wide range of shear rates, they 

found an inverse relationsh^ betwem these two parameters. Our findings are consistent with 

the data reported by House and Lipowsy [201], Perry and Granger [26S], and Granger et 

aL [196] during control and posdschemic conditions. An important observation of this study 

is that a shear rate below 242sec'' may be required for significant leukocyte adhesion to 

postischemic coronary venules to occur. 

A reduction in blood flow will not independently cause leukocyte adherence, but will 

augment pre-existing adherence [189]. During early, low-flow reperfiision following 

myocardial ischemia, a variety of leukocyte and endothelial adhesion molecules may be 

involved m leukocyte adhesion to venules. Several in-vivo studies [175,265] have 

demonstrated that a reduction in shear rate resuhs in leukocyte integrin (CD11/CD18) and 

endothelial glycoprotein interactions (ICAM-1). Antibodies against the leukocyte adhesion 

protein CD 18 [148] and I-CAM [125] have been shown to reduce leukocyte-mediated 
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repeifiisioii injuiy in dogs and cats. However, the protective effects of these antibodies were 

assessed after several hours of reperfiision. After only 10 min of reperfiision following 90 

min of ischeniia, Weyrich and colleagues [121] demonstrated only a modest e>q)ression of 

ICAM-1 on postischemic coronary venules. In contrast, they reported that P-selectin, a 

member of the selectin-&mily of adhesion molecules, was maximally expressed 20 min after 

reperfiision in 60% of coronary venules. During ischemia-reperfiision m the mesentery, 

Kubes et aL [267] recentfy reported that an agent (fiicoidin) used to inhibit P- and L-selectin 

adhesion to their respective ligands was not effective m reducing leukocyte adhesion to 

postischemic venules wiien blood flow was reduced. The mechanisms mvolved in leukocyte 

accumulation dming the first mmutes low-flow reperfiision of the ischemic myocardium have 

not been assessed using direct observation techniques, and therefore warrant fiirther 

nivestigation. 

When leukocytes were delivered for seven min^ we observed a dramatic degree of 

washout m the number of leukocytes in venules, even when flow was reduced to 10% of 

control This suggested that the initial leukocyte adhesion was not persistent. In contrast, 

v^en postischemic hearts were reperfiised with diluted \\diole blood for 35 min^ there was 

an initial rapid increase followed by a slower but steady increase in the number of cells 

adhered to the venules. This indicates that as time progressed, the efiSux of leukocytes from 

the venules was not as great as the influx and adherence of leukocytes to the venules. This 

also suggests that the mechanisms responsible for leukocyte adhesion to coronary venules 

are maintained or may even increase throug^t early reperfiision, though the adhesion for any 

one WBC may not be permanent. 
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bi conclusion, an understandiag of how leukocytes initially accumulate in the heart 

during the first moments of reperfiision is in^ortant to develop thoughtfiil therapies aimed 

at limiting leukocyte-mediated damage. The direct observations reported in the current 

study indicate that when postischemic hearts are reperfused at normal flow, there is a 

significant increase in leukocyte trapping in capillaries, but only a modest increase in 

leukocyte adhesion to venules. During a moderate (50%) reduction in coronary blood flow 

during reperfiision, a fiirther increase in leukocyte accumulation in coronary capillaries, but 

not in coronary venules, is observed. However, a severe (10% of control) reduction in blood 

flow and shear during reperfiision results in a significant increase in unstimulated leukocyte 

accumulation m both capillaries and venules and is related to a reduction in blood shear 

rates. The results of this study suggest that blood flow is an important consideration in 

determining the initial accumulation of leukocytes and may be an important &ctor in the 

leukocyte contribution to myocardial reperfiision injury. 
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CHAPTERS. FUCOIDIN REDUCES EARLY LEUKOCYTE RETENTION IN THE 
CORONARY MICROCIRCULATION FOLLOWING ISCHEMIA 

ABSTRACT 

Leukocyte adhesion to the vascular endothelhun is reduced by blocking leukocyte-

endothelial cell adhesion proteins. The effects of selectin adhesion molecule blockade on 

leukocyte adhesion in the coronary microcirculation earfy in reperfusion following ischemia 

has not been reported. The purpose of this study was to determine if treatment with fiicoidin 

(FCN), a structural analogue of the selectin ligand, would attenuate early leukocyte retention 

in coronary capillaries and venules during low flow reper&sion. Isolated rat hearts were 

subjected to 30 min of 37°C, no-flow ischemia and were initially reperfiised (R) with blood 

containing labeled leiikocytes, then with a Krebs-albumin red cell-rich solution. Using 

intravital microscopy, the deposition of leukocytes was observed directly in coronary 

capiDanes and venules during reperfiision. Three groups were studied: 1) a non-ischemic 

control group, 2) untreated, postischemic hearts reperfused at 10% of fiill flow, and 3) 

postischemic hearts that were treated with iSicoidin for 5 min before ischemia and reperfused 

at 10% of fiiQ flow with blood pretreated for 20 min with iiicoidin (0.36mg/ml). We foimd, 

in the untreated groiq>, that during low-flow reperflision, there was a statistically significant 

increase in leukocyte accumulation in both capillaries and venules. Treatment with FCN 

significantly reduced leukocyte adhesion m the venules (P<0.05). lii addition, fUcoidin 

significantly decreased leukocyte accumulation in the capillaries compared to the nontreated 

groiq) (P<0.05). Further, FCN treatment significantly reduced the persistence of leukostasis 

in capillaries and venules suggesting that persistence is mediated by selectins. These results 
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suggest that the selectin family of leukocyte-endothelial cell adhesion proteins mediate 

adhesion in coronary venules. Hie results also suggest that leukocyte retention in capillaries 

may be governed, in part, by adhesive interactions between WBCs and blood vessels. 

INTRODUCTION 

Reperfijsion of the ischemic myocardium is associated with an mterdependent series 

of events that detract from the overall benefit of the retum of blood flow [64]. During 

reperfixsion, rapid accumulation of leukocytes within the heart contribute to additional 

vascular and myocyte damage [44,136,139,212,214,215,235]. This phenomena is termed 

leukocyte-mediated myocardial reperfusion injury. 

Leukocytes are thought to mitialfy accumulate m organs by adhering to the walls of 

blood vessels [188,189]. Leukocyte adhesion to the coronary endothelium is the initial step 

in the inflammatory reaction initiated by myocardial ischemia and reperfiision, and involves 

the interaction of a number of adhesion molecules acting in concert [123]. The selectin 

family of adhesion molecules mediates the initial, rolling attachment of leukocytes to the 

endothelium, before their firm adhesion, >^ch is mediated by leukocyte Pj.integrins and 

endothelial interceUular adhesion molecule-1 (ICAM-1) [117,124]. The selectin family 

consists of three similar cell-surface molecules; I^selectin (LAM-1, CD62L, MEL-14), P-

selectin ((^lP-140, CD62P, PADGEM), and E-selectin (ELAM-1, CD62E). L-selectin is 

e?q)ressed on leukocytes, while P- and E-selectins are e?q)ressed by the vascular endothelium 

[117,124]. Experimental evidence indicates that the administration of mAbs directed 

against the adhesion molecules responsible for firm leukocyte-endothelial adhesion. 



187 

leukocyte CD18 [148] and endothelial ICAM-1 [125], protect the heart during reperfusion. 

In addition, therapies aimed at inhibiting selectin-mediated adhesion during myocardial 

reperiiision following ischemia have proven effective. Administration of mAbs directed 

against P-selectin [115] and L-selectin [268] appear to protect the coronary vasculature and 

reduce the extent of myocardial cell death during myocardial-reperfusion in cats. The role 

of E-selectin during myocardial reperfusion injury is not as clear. Data from Wmquist et al 

[269] reported that although 90 min of ischemia followed by four hours of reperfusion in 

baboons increased coronary endothelial staining for E-selectin, but the administration of an 

E-selectin specific mAb failed to protect the heart. 

The fimctional ligands for the selectins are most likely carbohydrate structures that 

contain both sialic acid and fiicose [122]. In-vivo studies have demonstrated that 

administration of selectm Ugand analogues attenuate neutrophil accumulation after ischemia 

and 10 min ofreperfiision in the mesentery [267] and after 4.5 hr of reperfusion in the heart 

[147]. Fucoidin, a sulfated, fiicosylated, polysaccharide, shares structural similarities with 

the selectin ligands [270] and has been reported to decrease leukocyte rolling to vascular 

endothelium in the mesentery m a number of inflammatory conditions [271,272] including 

ischemia-reperfiision [267]. Fucoidin inhibits L- and P- selectin [273] but not E-selectin 

mediated events [104]. 

Together, these studies suggest that leukocytes are retained in the coronary 

vasculature during reperfusion, and that selectin-mediated adhesion may be involved m this 

accumulation. We were ^ecifically mterested in examining the effects of selectin inhibition 

on leukocyte accumulation in the coronary microcirculation during the first minutes of 
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repeifUsion following ischemia. This investigation is woith^\Me because previous studies 

indicate that the initial accumulation of leukocytes has a significant effect on the ability of 

the heart to recover fi-om ischemia [44]. Also, we know that leukocyte retention m both the 

coronary capillaries and venules is significant, especia% under conditions of low-flow 

reperfiision [236,274]. Therefore, the purpose of these experiments was to determine if 

selectin inhibition with fucoidin would attenuate leukocyte retention in the coronary 

microcirculation of postischemic hearts. We foimd that fiicoidin treatment significantly 

decreased leukocyte adhesion to coronary voiules con:q>ared to nontreated and nonischemic 

control groups (P<0.05). We also found that fiicoidin treatment significantly decreased 

leukocyte accumulation in the capillaries compared to the nontreated postischemic 

gro\q)(P<O.OS). In addition, fiicoidin reduced the persistence of leukocytes retained in both 

the capillaries and the venules during reperfiision. These resuhs suggest that during 

reperfiision following myocardial ischemia, P- and L- selectin may mediate the initial 

leukocyte adhesion in venules and, to some degree, in capillaries, contributing to early 

reperfiision injury. 

METHODS 

Isolated rat heart preparation AH animal experiments in this study were performed 

in accordance with the Guide for the Care and Use of Laboratory Animals (NIH Publication 

No. 80-23, revised 1985). A modified Langendorff preparation was used to perfiise the 

heart and visualize the coronary microcirculation (Figure 4.1) and has been described in 

detail previously. 
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Preparation of coronary perfusate. The coronary perfusate used in this study was 

a modified Kr^s-bicarbonate solution that contained 2.0g/100ml bovine serum albumin and 

washed human red cells (K2RBC). Hie preparation and characteristics of K2RBC have bee 

described previous^. 

Preparation of labeled diluted whole blood Freshly drawn heparinized blood was 

obtained by cardiac pimcture fi'om a donor rat. The procedure for labeling the leukocytes 

in diluted vsdiole blood was described previously. 

Direct visualization of the coronary microcirculation. During reperfiision, the 

epicardial microcirculation was viewed with an epi-fhiorescence microscope. Using a SX 

objective, the microcirculation was brought into focus. A 32X objective was used to obtain 

data. At each observation pomt, five to seven coronary capillary fields and five to seven 

venules (20-100^ hi diameter) were selected at random and videotaped for at least 30 

seconds. The criteria for counting stationary leukocytes in capillaries and venules was 

described previously. 

Measurement of shear rates. Centerline white blood cell velocities were determined 

and shear rate was subsequently calculated as described previously (Chapter 4). 

Other physiological measures. The coronary circulation was perfused at constant 

flow at 3 ml/min or 0.3m]/min. Coronary perfusion pressure was measured continuously 

through a sideline with a pressure transducer. Coronary vascular resistance was calculated 

as coronary perfusion pressure (mm Hg) /coronary flow (ml/min) /heart weight (gm). 

Experimental protocol. Figure 4.1 is a diagram of the isolated heart preparation 

used to study the coronary microcirculation (top) and a diagram of the e?q)erimental 
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protocol (bottom). Three groups were studied: A non-ischemic control group (NIC, n=8 

hearts), an untreated group subjected to isdiemia and reperfused at 10% of Ml flow (I-R 10, 

n=9 hearts) with DWB* pretreated with a vehicle (phosphate buffered saline), and a third 

groiq) in which hearts were treated with fiicoidin (FCN) (0.36mg/ml) for 5 minutes before 

ischemia, and reperfused at 10% of normal flow with blood that was mcubated with FCN 

(0.36mg/ml) for 20 min before reperfiision (I-R 10 FCN, n=8). Our selection of fiicoidin 

dose was based on the work of Ley et aL [171] and Kubes et aL [267] who demonstrated 

greater than 90% reduction in leukocyte rolling and a significant decrease in leukocyte 

adhesion in mesenteric venules with this concentration. Postischemic hearts were reperfused 

at 10% of fiill flow (Sml/min) in this study because previously we demonstrated that 

statistically significant leukocyte adhesion to venules occurred at this flow rate [274], 

Nonischemic control hearts were perfused at Sml/min for 60 minutes with K(2)RBC, then 

for seven min with DWB* then with IC(2)RBC at 3ml/min. Hearts subjected to ischemia 

were initial^ perfused at 3m]/min for 30 minutes at 36-37°C with K(2)RBC. After this 30 

nrin preischemic period, the hearts were subjected to 30 min of normothermic (36°C-37''C), 

global ischemia. Postischemic hearts were reperfiised for seven min with DWB"' at 10% 

of M flow (0.3m]/min) followed by K(2)RBC at 0.3m]/min.. The total reperfiision period 

was 35 min Heart ten^erature was recorded continuously with a pediatric temperature 

probe and monitor (YSI). DWB* was perfused with a syringe punq) (Harvard Apparatus, 

Model 11) via a side port, located immediately upstream of the heart (Figure 4.1). During 

reperfiision, microvascular fields were videotaped at five min (R5), 20 min (R20), and 35 

min (R35) to assess leukocyte retention. Microvascular fields were videotaped at 
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cone^onding time points in control hearts. White blood cell velocities were also measured 

during videoplayfoack. 

Statistical analysis. Data were collected and tabulated on computer spreadsheets 

(Microsoft Excel 5.0). Summary data were expressed as means ± standard error. 

Cortq)arisons among groiq)s were made by anafysis of variance. A SchefTe post hoc analysis 

was performed \^en appropriate (Statistica 3.1, Statsofl). Also, the R5 leukocyte 

accumulation data was analyzed using the Kruskall-Wallis test. Probabilities of O.OS or less 

were considered statistical^ significant. 

RESULTS 

Leukocyte accumulation in the coronary capillaries. Figure 5.1 shows 

representative images of leukocyte accumulation in coronary capillaries (left hand images) 

after five mmutes of reperfiision in the three group s studied. Few leukocytes were retained 

in the capillaries of nonischemic control hearts (A). Low-flow reperfiision resuhed in a 

significant increase in leukocyte accumulation in the capillaries (C). In addition to single 

leukocytes trapped in capillaries, rows of trapped leukocytes within a capillary was a 

common observation during low flow reperfiision. During low flow reperfiision, WBCs 

occasionally slid smoothly back and forth in a capillary, but did not move forward through 

the vessel Whoi fiicoidm treated hearts were reperfiised at 10% of normal flow (E), there 

was a modest decrease in the number of leukocytes retained in the capillaries. 

I^gure 5.2 is a summary of the number of leukocytes retained m coronary capillaries 

at R5, R20, and R35 in the three g;roiq)S studied. When reperfiision was reduced to 10% of 
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control, leukocyte retention in the capiDaiies was ahnost five times greater than nonischemic 

control values (R5: NIC = 2.0±0.3 leukocytes/capillary field vs. I-R 10 = 9.2± 0.8 

leukocytes/capillary field, P<0.05). hi the group pretreated with fiicoidin, leukocyte 

retention m capillaries was significantly decreased conq)ared to the I-R 10 group (R5: I-R 

10 FCN = 5.0±0.7 leukocytes/capillary field, P<0.05) However, this vahie remained 

significantly greater than the nonischemic control values (P<0.05). At R20 and R35, 

leukocyte retention in the I-R 10 group remained about four to seven times greater than 

control values (P<0.05). At these time points, the niunber of leukocytes remaining in the 

capillaries of the fiicoidin-treated group was significantly less than the I-R 10 values. 

The persistence of leukocyte retention in the coronary capiDaries is indicated in Table 

S. 1. Persistence defines the enduring nature of the leukocyte retention in capillaries and is 

expressed as a percentageof R35 video count/R5 video count values. The percentage of 

leukocytes retained in the I-R 10 group (57%) was approximately one and a half times 

greater than the nonischemic control group (NIC=39%). Less leukocytes were retained in 

the capillaries in postischemic group treated with fiicoidin (28%). 

Leukocyte Accumulation in Coronary Venules. The righthand side of Figure 5.1 are 

representative images of leukocyte accumulation m coronary venules after 5 min of 

reperiiision. We rarely observed leukocytes adhering to the venules of nonischemic hearts. 

Conq>ared to control hearts (B), there was a significant increase in leukocyte adhesion in 

venules of postischemic hearts reperfiised at 10% of normal flow (D). In the postischemic 
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Figure 5.1. Representative images of capillary (A,C,E) and venule (BJD,F) leukocyte 
accumulation at five minutes of reperfusion (R5) in NIC, I-R 10, and I-R 10 FCN groups. 
A,B = NIC; C,D = I-R 10; E,F = I-R 10 FCN. 
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Figure 5.2. The number of leukocytes trapped m coronary capillaries at 5, 20, and 35 
minutes of reperfusion following ischemia in NIC, I-R 10, and I-R 10 FCN groups. NIC= 
Non-ischemic control group \^dlich was perfused with DWB* after 60 min of K(2)RBC 
peifiision, then peifusion was continued for 30 more minutes with K2RBC; I-R 10 hearts 
were made ischemic and received DWB*at 10% of fidl flow; I-R 10 FCN = hearts wiiich 
were pretreated with fiicoidin, made ischemic, and received DWB* pretreated with fucoidin 
(0.3mg/ml). * 0.05 compared to all other groups. The capillary field is 250^ x 
350^fln (0.09mm^). 
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Table 5.1. bitravascular leukocyte persistence after 
35 minutes of reperfusion in NIC, I-R 10, and I-R 10 
FCN groups 

% leukocytes 
retained after 35 

Vascular leukocyte location minutes 

Capillaries 

NIC 39 

I-R 10 57 

I-R 10 FCN 28 

Venules 

NIC 6 

I-R 10 10 

I-R 10 FCN 6 

•P<0.05 compared to NIC 
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group pretreated widi fucoidin, we observed a significant reduction in the number of 

leukocytes adhered to the venules (P<0.05XF). 

The average niunber of leukocytes adhered to the coronary venules diuing 

reperfusion is summarized m Figure 5.3. There was a significant threefold increase in 

leukocyte adhesion to venules of postischeroic hearts reperfused at 10% of normal flow 

con:q>ared to nonischemic controls (R5: NIC = 1.5±0.5 leukocytes/lOO/m venule vs. I-R 

10 = 4.4±0.5 leukocytes/lOO^zm venule, P<0.05 ). When the hearts and the blood 

reperfiisate were pretreated with fiicoidin and reperfiised at 10% of normal flow, leukocyte 

adhesion to venules was decreased to control values (R5: I-R 10 FCN = 1.8±0.3 

leukocytes/lOO/Lfm venule P<0.05 vs. I-R 10). In contrast to the persistence of leukocytes 

trapped in capillaries, there was a dramatic decrease in the number of leukocytes remaining 

in the venules of all groups after 35 minutes of reperfiision (Table 5.1). With respect to 

leukocyte persistence, more leukocytes remained adhered to the venules of nontreated, 

postischemic hearts reperfiised at low flow (10%) conq)ared to nonischemic controls (6%). 

The percentage of leukocytes retained in the postischemic group treated with fiicoidin was 

the same as in the nonischemic controls. 

Estimated shear rates and leukocyte accumulation. To calculate shear rate, 

measures of blood velocity and vessel diameter were needed. WBC velocities were 

measured during videoplayback (Table 5.2). Velocities were measured in 35-70^ venules. 

Average venular diameter was 60/zm. In the NIC group, when blood flow was 3ml/min, 

some leukocytes traveled across the entire field (340/im) and out of view in one video frame. 

This represented a minimum velocity in excess of of 10,500/^m/sec. These values were 
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Hgure 5.3. The number of leukocytes adhered to coronary venules at 5,20, and 35 minutes 
of reperfiision following ischemia m NIC, I-R 10, and I-R 10 FCN groups. NIC= Non
ischemic control groiq) \^Mch was petfiised with DWB* after 60 min of K(2)RBC perfiisioa, 
then pecfiision was continued for 30 more minutes with K2RBC; I-R 10 hearts were made 
ischemic and received DWB*at 10% of fiill flow; I-R 10 FCN = hearts v^Mch were 
pretreated with fucoidin, made ischemic, and received DWB* pretreated with fiicoidin 
(0.36mg/ml). * P:^ 0.05 compared to all other groups. 
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Table 5.2. White blood cell velocities and shear rates in the coronary 
microcirculation in the NIC, I-R 10, and I-R 10 FCN groups 

Group # Vessels Velocity Shear rate fs'') * 
fum/sec) 

NIC 38 >2760±279 >301±30 

I-R 10 35 864±90 84±10* 

I-R 10 FCN 

*P<0.05 compared to NIC 

33 1032±162 106±19» 
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recorded as 10,s00/im/sec for calculations of the average velocities for each group. 

Therefore, the average velocity and shear rate indicated may be a modest imderestimation 

of the true velocity, and are recorded as "greater than" values. In the NIC group, centerline 

WBC velocity was greater than 2760i;279^m]/sec and estimated shear rate was greater than 

301±30 s '. In the I-R 10 group, velocity and shear rate were significant  ̂reduced to 

864±90/zm/sec and 84 ±10s'', re^ectively. Vwbc shear rate in the I-R 10 FCN group 

were not significantly different than the I-R 10 group (1032±162/:fm/sec and 106±19s'', 

respectively). 

Coronary vascular resistance. Coronary vascular resistance (mmHg/ml/min/gram) 

was not significant  ̂different among the three groups during the preischemic period (Figure 

5.4). Ehiring reperfiision, coronary resistance values in the I-R 10 and I-R 10 FCN groups 

were greater than NIC values. At R35, coronary resistance values in the I-R 10 FCN group 

were less than the I-R 10 group, but remained greater than control values. 

DISCUSSION 

Reperfiision injury is defined by Opie [64] as "the sum of events that detract fi'om the 

overall benefit of restoration of blood flow." The benefits of returning blood flow to an 

ischemic organ clearly outweigh the potential injury caused by reperfiision. However, 

effi)rts to inq)rove the con^lications of reperfiision are warranted, especially in light of the 

increasing number of individuals undergoing thrombolysis, angioplasty, revascularization, 

and transplantation [3]. 
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Figure 5.4. Comparison of coronary vascular resistance (mmHg/ml/min/g) in nonischemic 
control hearts (NIC), untreated postischemic hearts reperfiised at 10% of normal flow (I-R 
10), and postischemic hearts treated with fiicoidm and reperfiised at 10% of fiill flow (I-R 
10 FCN). 
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la the heait, a laige body of evidence indicates that leukocytes contribute to ischemia 

(I-R) reperfusion injury [34,44,110,137,139,150], During reperfusion, leukocytes mediate 

additional n^ocyte and vascular damage by accumulating in the coronary microcirculation. 

The WBCs physically obstruct capillaries and contribute to no-reflow [137]. Activated 

WBCs release oxygen free radicals, and later, proteolytic enzymes, thromboxanes, and 

leukotrienes [169]. There are both early (within minutes) and late (within hours) 

con^onents to leukocyte-mediated reperfusion injury and the mechanisms underlying early 

and late injury may be different [66]. Earfy leukocyte-mediated reperfusion injury is niitiated 

while the leukocytes are still intravascular [216]. Early mjury can include a significant 

decrease in the recovery of left ventricular pun  ̂fimction [44] and altered coronary vascular 

fimction and blood flow [110,139]. 

Leukocyte adhesion to the coronary vascular endothelium is the first step in the 

inflammatory reaction initiated by myocardial ischemia and reperfusion [123]. The exact 

locations and the mechanisms of microcirculatory leukocyte accumulation dining the first 

minutes of reperfiision have been examined previously [236], Dependmg on the conditions 

of the blood and the shear forces diuing reperfusion, leukocytes accumulate to a different 

degree in the capillaries and the venules of postischemic hearts. We found that when 

postischemic hearts are reperfused under normal flow conditions with imactivated blood, 

leukocytes accumulate primarily in coronary capillaries and, to a lesser extent, in coronary 

venules [236]. Only >^dien the WBCs were preactivated or \^iien blood flow was severely 

reduced was a statistically significant increase in leukocyte accumulation in coronary venules 

observed. Under conditions of low flow reperfusion, there was a further increase in 
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leukocyte accumulatioii in the capillaiies. Li addition, these studies suggest that leukocyte 

accumulation in the coronaiy microcirculation occurs immediately upon reperfiision. There 

is evidence to suggest that intravascular leukocyte accumulation during the first minutes of 

reperfiision may be sufficient to initiate tissue injury. Data firom this laboratory demonstrate 

that reperfiision with blood for onty five minutes exacerbates the recovery of left ventricular 

function [44] and alters microvascular fimction [139], 

Leukocyte accumulation in venules. During reperfiision, leukocyte accumulation m 

venules is mediated by adhesion molecules [123], The adhesion molecules expressed on 

leukocytes and endothelial cells that mediate leukocyte accumulation during myocardial 

ischensia-reperfiision have been examined by a number of investigators [123], Using 

immunohistochemical techniques, a recent study by Weytich et aL [121] examined the time 

course of endothelial adhesion molecule e^^ression in cat myocardium after ischemia-

reperfiision. They found that the endothelial adhesion protein ICAM-1 was maximally 

expressed after several hours of reperfiision, while P-selectin was rapid, reaching maximum 

expression at 20 minutes of reperfiision. Significant vascular E-selectin e^qpression was not 

evident until after 4-l/2hrs of reperfiision. It was of particular note that they identified 

adhesion molecule e7q)ression primarily in venules, but not in the coronary capillaries. Thus, 

P-selectin is a good candidate for mediating the early con^onent of reperfiision mjury. 

In-vivo, there is evidence that mAbs against leukocyte CD 18 [148] and endothelial 

ICAM-1 [125,269] eflfectively reduce myocardial necrosis after coronary artery occlusion 

and reperfiision. However, in these studies, the extent of myocardial necrosis was assessed 

after several hours of reperfiision. McDonagh and colleagues [156] reported that CL26, an 
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antibody directed against leukocyte CD18, was effective in reducing postischemic contractile 

dysfimction only after 35 minutes of reperfusion. Together, these studies indicate that 

integrin-ICAM-1 interactions may be most effective in inhibiting a later con^onent of 

leukocyte-endothelial mediated reperfiision injury. 

On the other hand, selectin-mediated leukocyte accumulation and subsequent mjury 

may occur within the first minutes of reperfiision [121]. P-selectin is synthesized and stored 

in Weibel-Palade bodies of endothelial cells and is rapidly translocated to the cell sur&ce in 

response to inflammatory mediators such as oxidants, thrombin, histamine, and platelet 

activating &ctor [275,276]. The rapid mobilization of P-selectin to the endothelial surface 

mediates leukocyte rolling on endothelhim in-vivo [277,278], L-selectin is constitutively 

e;q)ressed on drculating leukocytes [117,124] and also plays a role m leiikocyte rolling m 

postcapillary venules [171,172], The effects of mAbs directed toward P- and L-selectin 

were examined in felme myocardium by Weyrich and associates [115] and Ma and 

colleagues [268]. They foimd that P- and L-selectin inhibition was effective in reducing 

myocardial necrosis, assessed after 90 min of ischemia and 270min of reperfiision. hi 

addition, Lefer et aL [147] foimd that treatment with a carbohydrate analog of the Sialyl 

Lewis  ̂ ligand, CY-1503, significantly reduced leukocyte accumulation in the myocardium 

of dogs subjected to 1.5hrs of ischemia and 4.5hrs of reperfiision. 

These studies indicate that P-and Lr selectin molecules are e>q)ressed during early 

reperfiision, and that selectin inhibition is cardioprotective, when assessed hours after 

reperfiision. These studies do not examine the effects of selectin inhibition on initial 

leukocyte accumulation in coronary capillaries and venules durmg the first minutes of 
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repeifiision. Toward that aim  ̂ in the present study, direct intravital microscopy was used 

to observe the effects of selectin inhibition on leukocyte accumulation in postischemic 

capillaries and venules in the first moments of reperfiision. 

Fucoidin, derived firom the marine algae Fucus vesiculosis, is a complex 

polysaccharide. Using infi'ared spectroscopy and methylation analysis, Patankar and co

workers [270] proposed a highly fiicosylated and sulfated structure for fucoidin that is 

similar to the structures of the natural carbohydrate sequences recognized by the lectin 

domains of the selectins. Sialyl Lewis  ̂and Sialyl Lewis' [122]. Because of this structiu'al 

similarity, fiicoidin binds non-selectivefy to P- and L^selectins and prohibits interaction with 

their respective Ugands. 

Using intravital microscopy, Kubes et aL [267] observed that fucoidin (25mg/kg) 

significantly reduced leukocyte rolling and adhesion after 60 min of ischemia and 60 min of 

reperfiision in cat mesentery venules. In the present study, we specifically assessed 

leukocyte adhesion in the coronary microcirculation using a similar concentration of fucoidin 

(0.36mg/ml blood). Both the heart and the blood were pretreated with fiicoidm, in an 

attempt to inhibit P-selectin on the vascular endothelium as well as L-selectin on the 

leukocytes. Similar to the resuhs of Kubes et al in the mesentery, we found that fiicoidin 

treatment was effective in significantly decreasing leukocyte adhesion to rat coronary venules 

subjected to 30 min of ischemia and 35 min of reperfiision. 

hi contrast to our findings, Kubes et aL [267] reported that during reperfiision, 

fucoidin was not effective in blocking leukocyte adbesion in venules in A\diich shear rates 

decreased to less than 70% of control shear values (6 i2sec"'), or less than about 430sec"  ̂



209 

To test the mechanism responsible for this observation, they treated another group of 

animals with fucoidin and an antibody to the leukocyte pj-integrin. M these experiments, 

they found that under low shear rate conditions, v^dien fucoidin was not eflFective in 

preventing leukocyte adhesion, anti-Pj-integrin therapy abolished leukocyte adhesion to 

venules. They concluded that despite the significant reduction m leukoc^e rolling and 

adherence with fiicoidin, remaining rolling cells were able to adhere via a CD18-dependent 

mechanism m venules with reduced shear rates. Perry and Granger [265] also demonstrated 

that low shear rates elicit an mtegrin-dependent adhesive interaction between leukocytes and 

nonischemic microvascular endothelium. In contrast to these studies, we found that selectin 

inhibition with fucoidin was effective m inhibiting leukocyte adhesion to venules when 

posdschemic hearts were reperfused under conditions of low blood flow and shear rates of 

about lOOsecThe results of otu: study mdicate that imlike in cat mesenteric postischemic 

venules, low blood flow and shear rates are required for unstimhilated leukocyte adhesion 

to coronary venules. In addition, it is possible that, m the heart, the selectin &mily of 

adhesion molecules, and not integrin-ICAM mteractions, mediate low flow leukocyte 

adhesion to postischemic venules. In feline models of ischemia-reperfiision, P-selectin 

[lis] and I^selectin [268] inhibition were effective in preventing leukocyte-mediated 

reperfiision injury. Although coronary blood flow was not assessed in these studies, similar 

experiments conducted by this group of investigators, in \\iiich the same ischemia-

reperfiision protocol was used, indicate that coronary blood flow was significantly reduced 

(10-50% of control values) m the first minutes of reperfiision [144,145]. These results and 

the results fiom our study suggest that diuing reperfiision of the ischemic myocardium, P-
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and L- selectm inhibition may be efifective iinder conditions of reduced low flow, bi this 

study, shear rates in both postischemic groups were statistically similar, makmg high shear 

forces an unlikely e?q)lanation for the observed decrease m leukocyte adhesion in the 

fiicoidin-treated groi] .̂ In addition, although there was a significant washout of leukocytes 

hi the venides of all groups during reperfusion, fucoidin treatment reduced the persistence 

of the leukocytes that did adhere to the endothelium con^ared to the other groups. It is 

possible that fiicoidin, a highly sul&ted polysaccharide, mteiferes with firm leukocyte 

interactions with other sulfate-containing molecules on the coronary vascular endothelium. 

These results give fiuther support to the hypothesis that in the first minutes of reperfiision, 

selectins may be involved m leukocyte adhesion to venules. 

Leukocyte accumulation in the capillaries. During ischemia-reperfusion, the 

mechanisms re^onsible for leukocyte retention in the coronary capillaries are likely different 

than those in the venules. Leukocytes appear to plug capillaries and adhere to the walls of 

the much larger veniiles. We demonstrated that imder conditions of fiill flow reperfiision, 

increasmg leukocyte deformability with pentoxifylline decreases leukocyte retention m 

postischemic capillaries, suggesting that leukocyte and vascular geometry are important 

determinants of leukocyte retention in postischemic capillaries [279]. We also found that 

when postischemic hearts are reperfiised at 10% of fiiU flow, leukocyte accumulation in 

capiQaiies iacreased five-fold coii^)ared to controls [274]. In the present study, A^^en the 

hearts and the blood reperfiisate were pretreated with fiicoidin, leukocyte accumulation in 

the capillaries significantly decreased conq)ared to the untreated group, but remained 

significantly greater than nonischemic control values. These results indicate that adhesion 
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events may play a role in leukocyte retention in coronary capillaries during early reperfiision. 

The fact that leukocyte retention in capillaries was still greater than control values after 

&coidin treatment indicates that other factors, such as physical trapping [279] and vascular 

compression [105], also play a significant role m this accumulation. With respect to 

leukocyte persistence, we found that after 35 minutes of reperfiision, fewer leukocytes were 

retained in the coronary capillaries of hearts treated with fiicoidin. That is, pretreatment with 

fiicoidin also promoted an increased washout of previously trapped cells. It is interesting 

to peculate wiiich selectin maybe responsible for the decrease m leukocyte adhesion m the 

capillaries. Weyrich and colleagues [121] suggest that feline coronary capillaries do not 

e7q)ress P-selectin. If rat coronary capillaries are similar in this respect, the results of this 

study suggest that I^selectin and not P-selecdn may mediate leukocyte adhesion in coronary 

capillaries during reperfiision. Alternately, it is possible that rat coronary capillaries do 

e?q)ress P-selectin and this molecule may also have been affected by fiicoidin. In any case, 

the modest reduction in capillary adhesion we observed suggests that mechanisms other than 

adhesion events contribute to leukocyte accumulation in postischemic coronary capillaries. 

Additional studies usmg rat-q)ecific mAbs directed toward P- and L-selectin or selectin 

deficient mice are necessary to ehicidate the specific role of each of these selectins in both 

capillary and vemilar leukocyte retention during early reperfiision. 

The fimctional significance of a reduction in leukocyte accumulation in the coronary 

microcirculation in the fiicoidin treated group is unclear. During low flow (10% of control) 

reperfiision, coronary vascular resistance in both the untreated and fiicoidin groups was 

higher than nonischemic controls, and increased over time. This was associated with 
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significant leukocyte accumulation in both coronaiy capillaries and venules. However, 

selectin inhibition, \^ch was associated with a reduction in leukocyte accumulation in the 

venules and to a lesser degree in the capillaries, did not attenuate the increase in vascular 

resistance. Several &ctors may have accounted for this observation. First, fucoidin did not 

conq)letely inhibit leukocyte retention in capillaries. The leukocytes remaining in the 

capillaries in this group could contribute to the observed increased resistance. Ahemately, 

the increase m vascular resistance in both postischemic groups may be the resuh of an 

extension of the ischemic insuh mduced by the low flow state [259,260] and may not be 

significantly affected by leukocyte accumulation. 

In summary, we found that selectin inhibition with fiicoidin, a polysaccharide with 

structural similarities to natural selectin ligands, reduced leukocyte adhesion to postischemic 

coronary venules reper&sed at low flow. La addition, fiicoidin modestly inhibited leukocyte 

retention in coronary capillaries during reperfiision. We also found that leukocyte 

persistence in both venules and capillaries was decreased with selectin inhibition. These 

studies suggest that selectins, perhaps P- and L-selectin, mediate early leukocyte adhesion 

to venules, and to some extent m coronary capillaries. These studies suggest that selectin 

therapies may be beneficial in reducing early leukocyte accumulation and leukocyte-mediated 

reperfiision injury. 
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CHAPTER 6. DISCUSSION AND CONCLUSIONS 

It is now well established that leukocytes contribute to additional myocyte and 

vascular damage dining reperfusion of the ischemic myocardium 

[44,136,139,169,212,214,215,235], Leukocytes contribute to the injury by becoming 

trapped in capiDaiies and unpedmg blood flow, and by releasing toxic mediators when they 

become activated [44,107,216]. An important variable to consider with respect to leukocytes 

and reperfusion mjury is the time frame m which this blood cell-mediated damage occurs. 

Recent studies indicate that leukocytes contribute to additional myocardial injury within the 

first several minutes of reperfiision, wdien the leukocytes are still within the vasculature. The 

specific locations within the vasculature of early leukocyte accumulation have not been well 

characterized. In most studies of ischemia-reperfiision, leukocytes are seen to accumulate 

in venules [199,203,280]. Leukocyte accimmlation in the heart during reperfusion is usually 

assessed by identifying a leukocyte-specific enzyme ni the whole heart, or by histologic 

evaluation. Whole-heart enzyme assays are valuable in the identification of the phenomena 

of leukocyte accumulation in general, but they cannot identify the exact locations of 

leukocytes within the heart. In addition, these assays and many histologic assessments are 

generalfy performed hours after reperfiision is initiated. In a classic study examining the role 

of leukocytes in the no reflow phenomena during myocardial ischeroia-reperfiision, Engler, 

Schmid-Schonbeio, and Pavelec [137] reperfiised ischemic dog hearts with an asanguinous 

sohition for five minutes, fixed the tissue, and evaluated the heart for capillary leukostasis. 

These investigators were among the first to identify that following ischemia, there is a 

significant increase in leukocyte accumulation in coronary capillaries. Since then, few 
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attempts have been made to specifically identify the exact intravascular locations of 

leukocyte accumulation diuing early myocardial reperfiision. In the following years, many 

investigators have examined the role of ceU-cell adhesion events on leukocyte accumulation 

in the heart during n^ocardial reperfiision. However, the effects of modulating leukocyte 

endotheliatadhesion are most often evaluated in terms of hemodynamics, contractility, and 

myocardial necrosis, and not in terms of identifying the specific locations of leukocyte 

accumulation. Using direct observation techniques during ischemia-reperfiision m other 

vascular beds, such as the skeletal muscle and the mesentery, others have foimd that 

significant leukocyte accumulation occurs mainfy in the venule. Although a great deal is now 

known about the leukocyte contribution to reperfiision injury, we felt that important 

questions about the dynamics of leukocyte accumulation during the first minutes of 

reperfiision remained unanswered. To develop effective therapies to limit leukocyte-

mediated reperfiision injury, it is inq)ortant to understand exactly how leukocytes 

accumulate. We therefore asked 1) How do leukocytes accumulate in the heart during the 

first minutes of reperfiision? The results of the present research indicate that leukocytes can 

accumulate in both coronary capillaries and coronary venules during early reperfiision 

following ischemia. The accumulation in capillaries versus venules is different depending on 

the conditions of reperfiision (Table 6.1). We found that during reperfiision, leukostasis in 

coronary capillaries always occurs, even in the absence of blood activation. Capillary 

leukostasis is significantly enhanced \^^en the blood is activated and wiien the reperfiision 

blood flow is moderately reduced. We also fi)imd that posdschemic capillary leukostasis can 
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Table 6.1 Siumnary of observations of intravascular leukocyte accumulation during early 
reperfusion following myocardial ischemia 

Reperfiision conditions Leukocyte accumulation Leukocyte accumulation 
in capillaries in venules 

Nonischemic Control 

Full flow* 
Unactivated leukocytes 

Ischemia-Reperfusion 

Full blood flow + + + 
Unactivated leukocytes 

Full blood flow 
Unactivated leukocytes  ̂
Increased leukocyte deformability 

Full blood flow >+ + + + + + 
Activated leukocytes 

Low blood flow 
50% reduction 
10% reduction 

Low blood flow 
Unactivated leukocytes 
Selectin inhibition 

*fiill flow = 3ml/min 
— represents nonischemic control leukocyte accimiulation 
+ represents a modest increase in leukocyte accumulation over control vahies 
+ + represents leukocyte accumulation that is approximately 2-2.5 X control values 
+ + + represents leukocyte accimiulation that is appproximately 3X greater than control 
values 
> + + + represents leukocyte accumulation that is greater than 3X control values 

>+ + + 
>+ + + 

+ 
+ + + 
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be attenuated by increasing leukocyte defonmbility, and to some degree, by selectin 

adhesion molecule inhibition. In contrast, we found that leukocyte adhesion to the coronary 

venules during reperfiision is not significantly increased ̂ \dien the blood is unactivated and 

returned to the ischemic heart at fiill flow. However, leukocyte adhesion to the venules is 

enhanced A^en the blood is activated or when reperfiision blood flow is severely reduced. 

We also found that imder conditions of low reperfiision blood flow, leukocyte adhesion to 

venules is attenuated by selectin adhesion molecule inhibition. Under the conditions studied, 

leukocytes remained in the capillaries longer than they remained in the venules during 

reperfiision. The resuhs of this dissertation suggest that the degree to A^diich leukocyte 

accumulation occurs in postischemic capillaries and venules is dependent, in part, on 

leukocyte geometry, the state of activation of the leukocyte, reperfiision blood flow, and 

selectin-mediated adhesion events. 

Direct visualization of the coronary microcirculation, developed by McDonagh and 

colleagues [209], allows for the real time-investigation of the dynamics of leukocyte 

behavior during reperfiision following ischemia. To our knowledge, these studies are the 

first use of direct visualization techniques to directly observe the behavior of leukocytes in 

the coronary vasculature dining the first moments of reperfiision following 30 min of global, 

normothermic ischemia. 

Our mitial studies revealed that under nonischemic control conditions, very few 

leukocytes are trapped in coronary capillaries or adhered to venules. We also found that 

when postischemic hearts are reperfiised with unactivated blood at fiill (3ml/min) flow, 

leukocytes accumulate primarily in coronary capillaries, and to a lesser extent, in coronary 



I l l  

venules. Based on the work of Engler et aL [137], the observation of capillary leukostasis 

was expected. In our study, during the first minutes of reperfiision, leukocyte accumulation 

in postischemic capillaries was two to three times greater than in nonischemic controls. 

Based on the results of others, m4o found significant leukocyte adhesion in veniiles during 

ischemia-reperfiision in other vascular beds [199,203], we also expected to observe an 

increase in leukocyte adhesion to postischemic coronary venules. However, the results of 

the present study indicate that, although leukocyte adhesion to venules doubled during early 

reperfiision, this increase was not statistically significant. This observation was unexpected, 

and led us to examine the reperfiision conditions that were necessary for significant 

leukocyte adhesion to occur. These conditions were inq)ottant to elucidate since, m humans, 

there may also be reperfiision conditions that promote leukocyte accumulation. For 

exarq)le, controlled reperfiision after coronary bypass [281] and blood activation with the 

use of extracorporeal circuits [218] are associated with leukocyte accumulation in the heart, 

hi the initial studies, we also observed that after the initial leukocyte trapping in capillaries 

or adhesion to venules, the leukocytes washed out of the microcirculation. However, we 

found that during the reperfiision period, the persistence of leukocyte accumulation in the 

capillaries was about three times greater than in the venules. These studies suggested that 

during reperfiision, the mechanisms of early leukocyte accumulation in coronary capillaries 

and venules are different. 

The inirial observation that significant leukocyte accumulation occurred primarily in 

postischemic coronary capillaries led us to examine the mechanisms responsible for this 

phenomena. Numerous investigators have examined leukocyte deformability and how 
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alterations in this physical property affect the ability of the leukocyte to pass through 

capillaries. Based on the results of others [176,179,180], we hypothesized that making the 

leukocyte more deformable would result in a decrease in leukocyte accumulation in 

postischemic coronary capillaries. We conducted a series of e7q)eriments in \^Mch 

postischemic hearts were pretreated with pentoxifylline, an agent known to mcrease the 

deformability of leukocytes. During iiill blood flow (3ml/mm) reperfusion, there was a 

significant decrease in leukocyte accumulation in capillaries of hearts reperfiised with 

unactivated blood pretreated with pentoxifylline. This finding suggests that leukocyte 

deformability contributes to cell trapping in capillaries during reperfiision. Figure 6.1 is a 

schematic diagram that ilhistrates the contribution of cell deformability on leukocyte 

accimiulation hi coronary capillaries during early reperfiision. 

We also examined the reperfusion conditions that may have contributed to lack of 

significant leukocyte attachment to the venules, as well as the conditions that may have 

contributed to leukoqte detachment firomthe venular endothelium. We first considered the 

conditions of leukocyte-endothelial attachment forces, or leukocyte-endothelial adhesion 

forces. Di our initial e^eriments, postischemic hearts were reperfiised with unactivated 

blood, hi order to test our hypothesis that mcreasing leukocyte-endothelial attachment 

forces would increase leukocyte accumulation in the venules, in this set of experiments, 

hearts were reperfiised with blood that was preactivated with a chemotactic peptide (fMLP). 

This agent increases the number of cell sur&ce adhesion molecules (CDl lb/CD 18), making 

the leukocyte more adhesive. We found that w^en postischemic hearts are reperfiised with 

activated blood, leukocyte adhesion to the venules was 3.S to 5 times greater than in 
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nonischemic controls. Figure 6.2 is a schematic diagram that illustrates the effects of 

increasing leukocyte-endotheUal adhesion forces during early reperfusion. In addition, this 

chemotactic peptide (^ILP) makes leukocytes sdfier, that is, less deformable. These studies 

also demonstrated that leukocyte activation caused a fiirther increase in leukocyte trapping 

in capillaries coiiq)ared to postischemic hearts reperfiised with unactivated blood. With 

req)ect to leukocyte per^ence, we found that preactivated leukocytes were twice as likely 

to remain in the capillaries than in the venules diuing the reperfusion period. Collectively, 

these studies suggest that under conditions of full flow, increasing the forces of leukocyte-

endotheUal attachment results in significant leukocyte adhesion to venules, but that the initial 

adhesion of the first cells accumulated does not persist beyond the first minutes of 

reperfiision. New cells adhere thereafter. These studies also suggest that makmg leukocytes 

less deformable results in a significant mcrease in capillary leukostasis. Because leukocytes 

may be activated in-vivo during reperfusion, it would be valuable to test the effects of PTX 

or a similar agent on activated leukocyte accumulation in capillaries. It would also be of 

interest to examine the effects of leukocyte activators known to be associated with 

nQ'ocardial isdiemia in-vivo, such as PAF and con^lement, on the locations and degree of 

leukocyte accumulation in the microcirculation. 

In a further atten^t to understand the surprismgly modest increase in leukocyte 

adhesion to postischemic venules, we considered the forces that may promote leukocyte 

detachment firom the venular endothelium during reperfusion. Several investigators have 

reported an inverse relationship between blood flow (blood shear forces) and leukocyte 
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Figure 6.1. Schematic diagram iUustrating the contribution of leukocyte defonnability to 
leukocytetrapping in coronary capillaries during early reperfiision. When postischemic 
hearts are reperfiised with unactivated leukocytes (left diagram), leukocytes become trapped 
in coronary capillaries. Under the same blood flow conditions (arrows), pretreating the 
blood with an agent that increases deformability (eg., pentoxifylline) decreases leukocyte 
retention in the capillaries (right panel) during reperfiision. 
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attachment to the venules, hi our mitial experiments, postischemic hearts were reperfused 

at full blood flow. We hypothesized that, at fiill flow during reperfiision, the detachment 

forces, or blood shear forces acting on the leukocyte, exceed leukocyte-endothelial adhesion 

forces. In order to test the hypothesis that decreasing the forces of leukocyte-endothelial 

detachment would increase leukocyte adhesion to postischemic venules, m this set of 

experiments, postischemic hearts were reperfused at 50% or at 10% of fiiU flow. These 

studies revealed that v\^en hearts were reperfused at 50% of full flow, there was not an 

increase in leukocyte adhesion to venules, conq>ared to fiill flow reperfiision. This 

observation was unexpected, however, examination of the shear forces at 50% of full flow 

revealed that shear rate was not significantly reduced. However, >\dien hearts were 

reperfused at 10% of fiill flow, leukocyte adhesion to the venules tripled. This was 

accon^anied by a significant reduction in shear rate. Figure 6.3 is a schematic diagram that 

iDustrates the effects of blood flow on leukocyte adhesion to postischemic coronary venules. 

In addition to the effects on leukocyte adhesion to venules, a reduction in reperfiision blood 

flow had a dramatic effect on capillary leukostasis. These studies demonstrated that even 

a moderate reduction (50%) in reperfiision blood flow resulted in a five-fold mcrease in 

leukocyte trapping in the capillaries. Collective ,̂ these studies suggest that ̂ \^en hearts are 

reperfiised at fiiU flow or at 50% of fiill flow, blood shear forces may act to detach 

leukocytes firom the endothelium, and that a significant reduction in shear forces (below 

~250 sec'^) may be required to promote unactivated leukocyte attachment to ischemic 

venules. In contrast, only a moderate reduction in reperfiision blood flow results in a 
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Figure 6.2. Schematic diagram ilhistrating the effects of increasing leukocyte-endothelial 
adhesion forces during early reperfiision. Myocardial ischemia-reperfiision results in an 
upregulation of endothelial cell adhesion molecule e7q)ression, such as P-selectin (left 
diagram). (There may be a basal level of ICAM-1 on the endothelium during early 
repeifiision.) Unactivatedleuko(^es express L-selectin (not shown). Under conditions of 
fiill flow, blood shear forces may overwhelm unactivated leukocyte-endothelial adhesive 
forces. However, increasing the forces of leukocyte-endothelial attachment by inducing 
upregulation of sur&ce adhesion molecule e>q)ression may overw^ehn the detachment 
forces, and adhesion occurs (right diagram). 
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Figure 6.3. Schematic diagram illustrating the effects of a significant reduction m 
reperfiision blood flow on unactivated leukocyte adhesion to postischemic venules. Under 
conditions of full flow, blood shear forces may over^\4lelm leukocyte-endothelial adhesion 
(selectin- mediated adhesion is ̂ own; there may be other adhesion mteractions during 
reperfiision with unactivated blood, such as consitutive ICAM-1 and P2 adhesion) and act to 
detach leukocytes from the venule (left diagram). However, \^^en blood flow is significantly 
reduced, leukocyte contact with the endothelium results in adhesion (right diagram). 
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significant increase in capillary leukostasis. Thus, capillary leukostasis is more sensitive to 

decreased flow than is venular adhesion. 

In the e?qperiments described above, blood containing leukocytes were delivered for 

seven min only. Under these conditions, we were able to observe the leukocyte 

accumulation and the persistence of a given population of leukocytes over time. In order 

to more closefy approximate an in-vivo mOieu, where leukocytes are continuously circulating 

through the heart, we conducted a series of e7q)eriments in A\^ch we delivered blood 

containing unactivated leukocytes at 10% of fiill flow for the entire reperfusion period. We 

found that when blood was delivered continuously, there was a steady state accumulation 

of leukocytes in the capillaries. In contrast, there was a steady increase of leukocytes 

adhered to the venules vN^en blood was delivered for the entire reperfusion period. These 

results suggest that, overtime, in contrast to the steady state accumulation in capillaries, the 

efflux of leukocytes from the venules was not as great as the influx and adherence of 

leukocytes to the venules. This may reflect a low-flow reperfusion state in humans. In these 

experiments, the blood was not activated. Results from previous experiments revealed that 

activated leukoc^es remained in the cq)illaries for a longer period of time. If the leukocytes 

were activated and delivered continuously at 10% of M flow, there may be a steady increase 

in capillary leukostasis. 

Because we observed a significant mcrease m leukocyte adhesion to venules during 

a severe reduction in reperfusion blood flow, we were interested in examining the 

mechanisms contributing to this adhesion. Ischemic hearts and the blood reperfiisate were 

treated with fiicoidin, an agent that inhibits P-and L-selectin binding to their natural ligands. 
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The results from these studies demonstrated that during low-flow reperfiision, selectin 

inhibition significantly decreased leukocyte adhesion to the venules to control values. Figure 

6.4 is a schematic diagram that represents the selectin-mediated contribution to early 

leukocyte adhesion to venules during low-flow repeifusion. hi addition, we found that 

selectin inhibition reduced leukocyte trapping in the capillaries con:^ared to low flow 

reperfiision without treatment. However, with fiicoidin treatment, leukocyte trapping m 

capillaries remained significantly greater than nonischemic controls with selectin inhibition, 

hiterestmgi ,̂ we also found that selectin inhibition reduced the persistence of leukocyte that 

do adhere, in both capillaries and venules. This suggests that fucoidm may interfere with 

the ability of leukocytes to interact with endothelial molecules that mediate firm, lasting 

adhesion. These studies suggest that during low-flow reperfiision, selectins play a role in 

mediating leukocyte adhesion to venules. These studies also indicate that mechanisms in 

addition to selectin-mediated events modulate leukocyte accumulation in postischemic 

coronary capillaries. It would be valuable to test the effects of both PTX and fucoidia 

during low-flow reperfiision. It would also be of interest to test the effects of selectin 

hihibition on leukocyte adhesion to the venules v^en blood was delivered continuously 

during reperfiision. Additional studies usmg selectin-deficient mice may elucidate the 

specific role of P- and L-selectin in both capillaiy and venular leukocyte retention during 

early reperfiision. 

In general, the results of these studies add to the large body of knowledge regarding 

the leukocyte contribution to myocardial reperfiision injury. Hie unique contribution of these 

studies is the direct observation of leukocyte deposition in the coronary microcirculation 
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Figure 6.4. Schematic diagram ilhistrating the effects of selectin adhesion molecule 
inhibition on eaify leukocyte adhesion to venules during earfy reperfiision. When reperfusion 
blood flow is significantly reduced (small arrows), significant leukocyte adhesion to 
posdsdiemic venules occurred (left diagram). When the heart and the blood was pretreated 
with fucoidin, a selectin ligand (CHO) analogue, adhesion to the venules was significantly 
reduced. 
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duiing the first minutes of reperfiision following ischemia. Leukocyte-mediated myocardial 

reperfiision injury is a well-recognized phenomena in eT^erimental models. Reperfiision 

injury also exists in humans, for exan^le, reperfiision arrhythmias and myocardial stunning, 

are certainly recognized clinically. However, n^^ocardial reperfiision injury is not a 

standard medical diagnosis and therefore guidelines for the treatment of myocardial 

reperfiision injury, per se, do not exist. 

The results of this research demonstrate that attenqits to prevent leukocyte-mediated 

myocardial reperfiision mjury in humans consider the conditions of reperfiision. During 

reperfusion, the state of activation of the blood and reperfiision blood flow are in^ortant 

factors. Studies in humans have demonstrated that in patients with myocardial mfarction, 

plasma &ctors may activate leukocytes [282]. In addition, leukocyte surface adhesion 

molecule e7q)ression may be elevated in humans with unstable coronary artery disease [283]. 

Others have reported that after thrombolysis [284], angioplasty [255], and cardiac bypass 

[218], leukocytes are activated. Because of the state of leukocyte activation, these people 

may be at increased risk for leukocyte-mediated reperfiision injury. Other studies in humans 

have demonstrated that current therapies for heart disease, such as thrombolysis and cardiac 

bypass grafimg, not only inchide a period of ischemia followed by reperfiision, but are often 

accon^anied by a period of low blood flow during the reperfiision period [22,31,198], The 

results of our studies suggest that significant leukocyte trapping in capillaries and adhesion 

to venules increases v^en reperfiision blood flow is reduced. Under these reperfiision 

conditions, patients may be at greater risk for earfy leukocyte-mediated injury. We 

recommend 50% of fiill flow for the initial reperfiision flow. 
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In conclusion, the studies described in this dissertation describe the locations and 

mechanisms of leukocyte accumulation in the coronary microcirculation during early 

reper&sion following ischemia. A model for early leukocyte-mediated myocardial 

reperfiision injury is proposed in Egure 6.5 The resuhs of oiu* studies suggest that therapies 

designed to prevent leukocyte-mediated reperfiision injury in patients with unactivated 

blood, activated blood and low reperfiision blood flow consider agents that attenuate both 

capillary leukostasis and venular leukocyte adhesion. Agents that decrease leukocyte 

deformability and inhibit selectin-mediated adhesion may be candidates for preventing early 

leukocyte mediated damage. Further studies are needed to examine the fiinctional effects 

of reducing earfy microcirculatory leukocyte accumulation following ischemia. Finally, it is 

our hope that the results of this study add to the body of knowledge regarding the variables 

that may enhance reperfiision, or ahemately, detract fi:om the benefit of myocardial 

reperfiision fi)Ilowing ischemia. Referring to the inq)ortance of ongoing research in this area, 

K. Fox [285] stated "only by understanding the pathophysiological mechanisms of injury 

and repair can we gain new insights and have the potential to modify clinical outcome." 
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APPENDK A. EVALUATION OF ENDOTHELIAL CELL CHANGES DURING 
REPERFUSION 

Purpose 

Hie fluorescent (fye ethidiumhomodimer-l (Eth-H-1) was used in order to evaluate 

ischemic-induced endothelial damage durmg reperfusion following 30 min of global, 

normothermic ischemia. This dye is taken up by severefy damaged cells [286]. 

Methods 

In order to visualize ischemic-induced damaged endothelial cells (EC) at the 

beginning of repetfiision, the heart was perfused with K2RBC/Eth-H-1 solution (4 uM Eth-

H-1) for three minutes (3ml/min) prior to ischemia. This solution remained in the heart 

during the 30 minute ischemic period. The protocol for directly visualizing leukocyte 

accumulation in the microcirculation during ischemia following ischemia was performed as 

usual 

Results 

The Eth-lstaining was visualized usmg the thodamme filter. With this fiher, the 

staining was intense (Figure A. 1) and the vessels were not visualized, order to visualize 

the venules, the fluorescein filter was used. The Eth-1 staining was &intly visible with the 

fluorescein fiber. By remaining on one vessel and toggling between filter sets, we were able 

to identify the vessel and then the Eth-1 staining. On videopla)^ack, the vessel margins were 

outlined. Hiis outline was then overlayed on the image with Eht-1 staining. In this way, we 

could identify v^dlether the Eth-1 staining was on the endothelium of the venule. 

Immediately before reperfusion, nonvascular areas appeared to be stained by Eth-H-1. 
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During initial reperfiision, there was no Eth-H-1 fluorescence in the capillaries or the 

venules. This is seen in Rgure A1 (A). However, the nonvascular staining rapidly mcreased 

in intensity and nuniber and was maximum at about five minutes of reperfusion. During the 

remainder of reperfiision, there was no apparent capillary or venule staining of endothelial 

cells. 

Conclusions 

In this experiment, the vascular endothelial cells did not appear to take up the 

fluorescent ̂ e, ethidiumhomodimer-1. However, there was a remarkable staining of A\1iat 

appeared to be n^ocyte nuclei! There was some staining of these cells before reperfiision, 

but reperfiision rapidly amplified the uptake of dye. Myocyte labeling was not surprising, 

but the lack of endothelial cell staining was un^ected. Tlie lack of EC labeling may indicate 

that these cells are not damaged to an extent that results in uptake of this particular viable 

dye. This finding does not indicate however, that EC are not damaged or changed during 

I/R, as there is sufficient evidence to mdicate that 30 minutes of ischemia in rat hearts resuhs 

in EC changes such as decreased nitric oxide production and upregulation of adhesion 

molecules (P selectin). The use of immimocytochemistry techniques may be more 

appropriate than the use of a viable dye for detecting the subtle changes in endothelial cells 

during I/R. 



o 

50 nm 

0 

236 



237 

APPENDIX B: ISCHEMU-REPERFUSION MICROCIRCULATION 
SPREADSHEETS. CODE NAMES AND SAMPLE SPREASDSHEETS 

Table Bl. Ischemia-repeifiisioii microcirculatioii e7q)erimeiit spreadsheet code names 

Excel Code Name 

Experiment 
Conditions 

i-r mcl.xls 

i-r mc2.xls 

i-r mc3.xls 

i-r mc4.xls 

i-r mc7.xls 

i-r mc8.xls 

i-r mc9.xls 

i-r mcl0.xls 

i-rmcll.xls 

i-rmcl2.xls 

i-r mcl4.xls 

vefaiic.xls 

veli-r.xls 

veli-r50.xls 

veli-r90.xls 

velfcn.xls 

Video Coimts 

i-r slavl.xls 

i-r slav2.xls 

i-r slav3.xls 

i-r slav4.xls 

i-r slav7.xls 

i-r slav8.xls 

i-r slav9.xls 

i-r slavl0.xls 

i-rslavl l.xls 

i-r slavl2.xls 

i-r slavl4.xls 

Description 

Description of experimental group 

Non-ischemic controls 

Ischeima-reperfusion, untreated 

Ischemia-reperfiision, treated, CL26 

Ischemia-reperfiision, treated, PTX 

Ischemia-reperfusion, treated, fMLPlO"  ̂

Ischemia-repeifiision, treated, ^fLFlO"  ̂

Ischemia-reperfusion, treated, low flow 
reperfiision, 10%fiillflow 

Ischemia-reperfiision, treated, low flow 
reperfusion, 50% fiill flow 

Ischemia-reperfiision, treated, low flow 
reperfiision, 10% fiill flow, DWB* 35 min 

Ischemia-reperfiision, treated, low flow 
reperfiision, 50% fiill flow, Fucoidin 

Ischemia-reperfiision, treated,low flow 
reperfiision, 10% fiill flow,Fucoidin 

velocity data, nonischemic controls 

velocity data, I-R, untreated, fiiU flow 

velocity data, I-R, 50% of fiill flow 

velocity data, I-R, 10% of fiill flow 

velocity data,I-R, 10% fiill flow, fiicoidin 



Table B2. Microcirculation Video counts. Low-flow roperfusion, 50% full flow 

REPERFUSION 5 
BXP. DATE ANIMAL# RELO* •WBC FIELOO «WBC VENULEWIDTH 

2/28/95 2 3 5 1 3 100 
4 1 2 3 80 
5 1 7 0 50 
6 7 8 1 30 
9 8 10 2 40 
11 19 

3/7/95 1 4 15 1 9 50 
5 15 2 12 60 

6 4 70 

3/7/95 2 6 2 1 3 70 
7 3 2 3 70 
8 4 3 4 60 
9 11 4 7 40 
10 2 5 5 30 
11 5 
12 7 
13 5 

3/16/95 1 3 0 1 7 40 
4 37 2 8 50 
5 32 6 1 20 
7 24 8 1 40 
9 7 10 5 40 
11 6 12 0 60 

3/21/95 1 3 14 1 7 60 
5 16 2 6 60 
8 7 4 0 30 
9 9 6 3 60 
11 15 7 2 30 
12 20 10 2 50 

3/21/95 2 1 14 3 2 40 
2 12 4 1 50 
5 10 6 4 50 
7 7 9 4 SO 
8 12 
10 11 
11 5 
12 8 

3/23/95 1 2 13 1 6 30 
5 9 3 0 30 
7 17 4 0 
9 10 6 4 40 
10 7 8 3 60 

3/28/95 1 1 8 4 5 30 
2 12 5 4 30 
3 10 6 3 
9 8 7 5 90 
10 S 8 4 40 

MEAN 
SEM 

10.33 
1.10 

3.67 
0.43 

49.46 
2.98 



REPERFUSION 20 
VENULELENGTH FIELD* *WBC FIELD* VVVBC VENULEWIDTH 

(urn) (»/CAP.FLD) (*/VENULE) (utll) 

100 2 4 1 0 40 
100 3 0 5 0 30 
100 4 3 6 0 30 
100 8 6 7 0 30 
100 12 7 9 0 60 

10 0 60 
11 0 50 

100 
100 
100 

100 1 1 2 1 50 
100 5 3 3 0 40 
100 7 5 4 2 30 
100 9 6 6 0 50 
100 10 7 8 0 70 

11 0 
12 1 

100 1 16 2 0 100 
100 5 9 3 4 100 
100 6 8 4 1 30 
100 8 11 7 0 80 
100 10 9 9 4 50 
100 11 10 10 0 30 

100 2 13 1 0 30 
100 3 11 6 0 10 
100 4 14 7 0 15 
100 5 8 8 0 90 
100 11 1 9 0 60 
100 13 2 10 2 20 

14 5 12 2 20 
15 0 

ICO 2 8 1 0 50 
100 4 9 3 1 50 
100 7 3 5 0 60 
100 9 6 6 2 30 

12 13 8 0 60 
13 14 10 0 40 
14 6 11 0 40 

15 2 30 
16 0 40 

100 1 7 3 1 60 
100 2 5 4 1 30 

6 7 5 0 40 
100 7 8 8 1 90 
100 9 6 10 0 30 

11 5 13 2 100 
12 5 
14 3 

100 2 0 1 0 70 
100 3 7 6 2 50 

4 0 7 0 100 
100 5 4 9 0 40 
100 8 2 10 0 60 

11 8 14 0 40 
12 9 15 1 90 
13 8 

6.14 0.62 50.53 
0.58 0.15 3.53 
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-g •i* ĉ  o ro o> M 

 ̂U> 00 O) A (J 

o -* A o o 

S 8 S S S 8  

888888 

z 
c 

8888888 SS 

 ̂ 00 -g CO ro CO 
S 
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Table B3. Microcirculation Experiment. Low flow rcpcrfusion, 50% full flow 
PRE-ISCHEMIA MINUTES 

EXP. DATE ANIMAL # BODY WT HEART WT HT WT/ BODY WT FLOW FLOW/GRAM PERF.PRESS, 
(grams) (grams) (ml/min) (ml/min)/(gms) (mmHg) 

2/28/95 2 510 1.379 0,0027 3 2.175 59 
3/7/95 1 478 1.2198 0.0026 3 2.459 42.7 
3/7/95 2 444 1.2236 0.0028 3 2.452 45.8 
3/16/95 1 483 1.3001 0.0027 3 2.308 29.9 
3/21/95 1 440 0.9911 0.0023 3 3.027 23.9 
3/21/95 2 435 1.1138 0.0026 3 2.693 52.9 
3/23/95 1 478 1.0913 0.0023 3 2.749 42.9 
3/23/95 2 470 1.5631 0.0033 3 1.919 43.4 
3/28/95 I 510 1.4391 0.0028 3 2.085 44.3 

MEAN 472.00 1.26 2.43 42.76 
SEM 9.33 0.06 0.12 3.53 

PRE-ISCHEMIA MINUTE 10 PRE-ISCHEMIA MINUTE 20 
RESISTANCE 

(mmHg)/(ml/mln)({gm) 

PERF.PRESS. 

(minHg) 

RESISTANCE 

(mmHg)/(mi/mln)/(gm) 

PERF.PRESS. 

(mmHg) 

27,120 
17.362 
18.680 

12.958 
7.896 
19.640 
15.606 
22.613 
21.251 

65 
44.8 
47.5 
31.3 
22.3 
53.6 
45.8 
47.9 
40.2 

29.878 
18.216 

19.374 
13,564 
7.367 
19.900 
16,661 

24.957 
19.284 

66,8 

47,4 
54.7 
38.1 
32.4 
60.4 
48,4 
53.8 
41.2 

18.13 
1.87 

44.27 
4.10 

18.80 

2.13 
49,24 
3.65 



PRE-ISCHEMIA MINUTE 30 
RESISTANCE PERF.PRESS. 

(mmHg)/(ml/mln)/(gm) (mmHg) 
30.706 76 
19.273 50.1 
22.310 68.5 
16.511 46.2 
10.704 34.9 
22.425 68.2 
17.606 49.2 
28.032 58 
19.764 52.4 

20.81 55.94 
2.00 4.32 

RESIST.%CONTROL 
(R65/R30) 

1.058 
2.778 
1.247 
1.788 
1.920 
2.625 
1.805 
1.348 
1.191 

1.75 
0.21 

REPERFUSION MINUTE 80 
PERF.PRESS 

(mmHg) 
55.9 
75.2 
41.7 
16.4 
29.4 
50 

36.5 
45.5 
23.8 

41.60 
5.95 

RESISTANCE 
(mmHg)/(ml/mln)/{gm) 

PERF.PRESS 
(mmHg) 

RESISTANCE 
(mmHg)/(ml/min)/(gm) 

34,935 40.2 36,957 
20.371 69.6 56.599 
27.939 42.7 34,832 
20.022 41.3 35.796 
11,530 33.5 22.135 
25,320 89.5 66.457 
17.897 44.4 32.302 
30.220 39.1 40.745 
25.136 31.2 29.933 

23.71 47.94 39.53 
2.35 6.35 4.58 

RESISTANCE 
(mmHg)/(ml/mln)/(gm) 

51.391 
61.153 
34.016 
14.214 
19.426 
37.127 
26.555 
47.414 
22.834 

34.90 
5.28 

RESIST.%C6NTROL 
(R80/R30) 

1.471 
3.002 
1.218 

0.710 
1.685 
1.466 
1.484 
1.569 
0.908 

1.50 
0.22 



REPERFUSION MINUTE 95 
PERF.PRESS RESISTANCE RESIST.%CONTROL 

(mmHg) (mmHg)/(ml/mln)/(gm) (R95/R30) 
72.4 66,560 1.905 
84.9 69.041 3.389 
63.8 52.044 1.863 
38.5 33.369 1.667 
28 18,501 1,605 

59.4 44,106 1.742 
37.7 27.428 1.533 
52.5 54.709 1.810 
55.8 53.535 2,130 

54.78 46.59 1.96 
6.01 5.75 0.19 

FLOW 
(ml/mln) 
DURING 

REPERFUSION 

FLOW/GRAM 
(ml/min)/(gms) 

DURING 
REPERFUSION 

K2RBC BLOOD GAS CONDITIONS 
TIME PH 

1.500 1.088 14:12 7.397 
1.5 1.230 11:04 7.391 
1.5 1.226 14:26 7.377 
J.5 1.154 10:11 7.446 
1.5 1.513 11:11 7,495 
1.5 1.347 13'.55 7.406 
1.5 1.375 9:35 7.377 
1.5 0.960 14.29 7.413 

1.042 9:36 7.385 

1.50 1.21 7.41 
0.00 0.06 0.01 

PAN WT WET WT DRY WT WET / DRY 
(grams) (grams) (grams) 
0.4794 0,8097 0.5452 5.020 
0,9821 1.3894 1,0621 5.091 
0,9833 1.4415 1,0783 4.823 
0,9837 1.4517 1.0841 4.661 
0,9805 1.2846 1.0442 4,774 
0,9823 1.2585 1.U344 5.301 
0.9909 1.3518 1.0625 5,041 
0.9928 1.4199 1.0736 5,286 
0.9935 1,4832 1.0939 4.877 

0.93 1.32 1.01 4.99 
0.06 0.07 0.06 0.07 

DWB CONDITIONS 
PC02 P02 VOLUME DELIVERED FLOW 

(ml) (ml/min) 
64.4 639,6 10.5 
67.1 465,5 10,5 
72.1 555.4 10.5 
63.9 499.4 10.5 
49.5 497.7 10.5 
67.8 558.4 10.5 
68.8 556 10.5 
59.4 603 10.5 
71.2 536.7 10.5 

64.91 545,74 10,50 
2,32 18.04 0.00 



WBC COUNT 
(Ieuks/mm3) 

PLATELETS 
(thsn/mm3) 

HCT 
(%) 

DWB BLOOD GASES 
pH PC02 02 SAT 

(%) 

WHOLE BLOOD CONDITIONS 
WBC COUNT 
(leuks/mmS) 

PLATELETS 
(thsn/mm3) 

HCT 
(%) 

2900 298 20.4 7.41 72.1 72.3 5300 766 34.8 
2100 313 21.5 7.363 51.2 77.6 3600 595 38.7 
2500 232 17.8 7.391 51.7 88.3 4600 644 37,3 
3300 279 19.8 7.441 54.4 86.1 5500 623 37.4 
2500 332 18.8 7.441 50.4 77.6 4400 746 36 
4100 261 18.8 7.416 21.6 97.3 6700 535 36.9 
3100 344 19.4 7.464 43,7 79.1 5600 856 36 
3200 273 19.9 7.496 40 90.1 5200 550 32.4 
2900 378 22.1 7.412 44 81.5 5100 675 38 

2955.56 301.11 19.83 7.43 47,68 83.32 5111.11 665.56 36.39 
192.29 15.15 0.45 0,01 4.48 2.59 288.89 35.47 0.63 

NJ 
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APPENDK C. EXPERIMENTAL PROCEDURE FOR DIRECT OBSERVATION 
OF THE CORONARY MICROCIRULATION DURING REPERFUSION 
FOLOWING ISCHEMIA 

Hie puipose of this procedure is to observe the dynamics of leukocyte acciunulatioii in the 
coronary capillaries and venules during reper&sion of the ischemic, isolated rat heart. 

The day before the experiment: 

1. Wash two imits of red cells 
2. Prepare the 1:1 Acridine Orange solution, cover with foil, and refiigerate. 
3. Prepare 100 ml of 1% PBS/Albumin solution to be used for ̂ ^diite cell labeling, cover it 
with parafilm, and refiigerate. 
4. Prepare the equ^ment for w^e cell labeling 

a. ice bucket 
b. ring stand with a clanq) that can hold a 10ml syringe 
c. two small Venoject blood collection tubes labeled #1 and #2 (for experiment #1 
and #2) 
d. four three-way uiiite stopcocks 
e. four sterile 10ml syringes 
e. two used 50ml centrifuge tubes and their caps that have holes cut in them 
f four sterile 50ml centrifiige tubes labeled RBC/plasma #1, RBC/plasma #2, 60mM 
K+ Krebs, O.Olmg/ml AO. 

5. Prepare circuit 
a. Fhish a heat exchanger with 60ml of 1% Etoxaclean solution, then connect it to 
the distilled water hose in the sink m the main lab, and allow it to flush continuously 
until the next morning. 
b. Flush an oxygenator with 60ml of 1% Etoxaclean solution, then with 60 ml of 
distilled water, then with 60ml of NfiUiQ, then clear oxygenator tubing with air. Put 
it in the refiidgerator until the am. 
c. Assemble the circuit, minus the heat exchanger and the oxygenator 

6. Prepare the equipment needed for working with the circuit 
a. two 100 ml plastic beakers 
b. 10ml graduated cylmder 
c. 4X4 and 2X2 gauze 
d. Coarse t^ped forceps 41/2 inch 
e. Saranwrap 
f syphgmomanometer 
g. SVHS videotapes (make sure there is enough footage on one tape for 
two e7q)eriments, approximately 60 minutes, and always have one spare tape at 
available) 
h. 20 jelco catheter which can be reused 
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L mm microscope calibration slide 
j. lens cleaner and w^es 
k. fill the water bath (VWR Scientific Modelll31) to the indicated fill line with 
TVfflliO 
L fill OTQ^genator bubble trap with TVfflliO 
nLcheck 95%02/5%C02 tank to be certain there is at least 500 psL 
n. set the water bath tenq)erature at 38°C with the coarse temp knob 
o. adjust the pressure transducer to the level of the microscope stage. Fill the lOcc 
syringe attached to the transducer with PBS. It is inq)ortant to use PBS in this 
syringe, because it is hi a direct hne with the perfiisate. 

On the day of the experiment: 

Suggested timing for two experiments: 

7:15am Arrive at lab 
11:00 Begin perfusion of first heart 
12:35pm Finish first heart 
2:00 Begm perfiision of second heart 
3:35 Fmish second heart 

1. Change mto scrubs and lab coat, and gloves 

2. Turn on water bath for heating solutions to 37°, and the Serono (System 9118) for blood 
analysis 

3. Fill ice bucket 

4. Remove one unit of washed cells, the IL, 30mM K+ Krebs/2% albunain solution, 1:1 AO 
stock sohition, and the 100ml PBS/1% albumin firom the refiidgerator 

5. Put AO sohition and PBS/albumin sohition on ice 

6. Do a hematocrit on the red cells usmg the Serono 

7. Add todays ingredients to the Krebs and prepare 500ml of K2RBCs . 

8. Measure the pH of the K2RBC 
If the pH is 6.7-6.9 add 15 ml of (8.4%) NaHC03 stock sohition 
If the pH is 7.0-7.1 add 10 ml ofNaHC03 stock sohition 
Wait 30 minutes before you test the pH again. 

9. Prepare the AO working solution (0.0 Img/ml AO) 
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10. Prepare SOml of 6O111M K+ Krebs solution and put on ice. 

11. Prepare any solutions (eg, fMLP, PTX etc.) required for DWB* or isolated heart 
treatments and place on ice or in the refrigerator if necessary. 

12. Prepare the cardioplegia solution. Fiher 75 ml of the 30mM K+ Krebs with todays 
ingredients through a Sum Acrodisc filter into a sterile SO ml centrifuge tube. Label the tube 
and place on ice. 

13. Finish constructing the circuit (Figure CI). 

14. Turn on the water bath connected to the circuit and clear the plexiglass microscope 
stage of bubbles. 

15. Using the stopcocks, prime the circuit with PBS. Make sure all the bubbles in the 
circuit are removed. After checking that all stopcocks are in the open position to allow PBS 
to recirculate into the collection bottle, run the punq) flow rate at a flow rate of 3ml/min. 

16. Begin the leukocyte labeling procedure. 

17. Measure the pH of the K2RBC 
If the pH is 6.9-7.0 add 6 ml of (8.4%) NaHC03 stock solution 
If the pH is 7.0-7.17 add 4 ml of NaHC03 stock solution 
If more NaHC03 is added, wait 20 minutes before testing the pH again. Then 
proceed with #18. 

18 . If the K2RBC pH is 7.18 or greater, put it on the circuit. 
a. Empty the bottle of PBS and drain the PBS firom the circuit. 
b. Place K2RBC in the bottle, and put in a 2-inch stir bar. Turn on the the stir plate. 
c. Using a 30 ml sterile syringe, prime the circuit with K2RBC. Follow the same 
steps as PBS priming. 
d. After checking that all the stopcocks are in the open position, turn on the pump 
to 3ml/min. 
e. Turn on the 95%02-S%C02. 

19. Contmue the WBC labeling. Step #20 can be done during the IS minute AO-leukocyte 
mcubation period. 

20. Calibrate the circuit and prepare for video recording 
a. Calibrate the pressure transducer 

b. Calibrate the Masterflex flow punq> 
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c. Record the 1 mm calibration slide (Zeiss) on video tape 

21. Check the circuit pH. Sfthe pH is 7.35 or greater, anesthetize a rat for the isolated heart 
surgery. If the pH is less than 7.35, wait another 15 minutes and test the pH again. If the 
pH is less thini 7.35, make sure the gas is not set at a flow rate of greater dian ImL A &st 
flow rate will mcrease the C02 level in the blood, keeping the blood acidic. 

22. Continue the blood labeling. Start the animal surgery ifyou have started the first wash 
in the labeling process. It is important to remember these timing steps: start the 
isolated heart surgery only when the circiut pH is correct and the blood labeling has 
reached the first wash. 

23. During the surgery, prepare the stage and circuit for the heart. 
1) Make a "cradle" for the heart. Place 3, 2X2 gauze sponges in the center of the 
stage. Fold 2,2X2s, and place them on one edge of the flat gauze; repeat this on the 
other side. 
2) Open the stopcock to the heart. 
3) At this point, it is critical that all bubbles are cleared firom the tubing. 

24. Inunediately prior to the arrival of the heart, prepare the following: 
1) Heat a fiiU squeeze bottle of PBS for 45 seconds in the microwave. This will heat 
the PBS to 37°C. 
2) Cut a one layer thick piece of 2X2 which will be placed over the heart 
3) Record the time the heart was arrested and isolated on the data sheet 

25. Place the isolated heart on the end of the IV tubmg and lay the heart on the gauze, 
making sure the tubing and heart are aligned Clear any bubbles firom stopcock closest to 
the heart \^Me it is still closed to the heart. This process should take no longer than I 
minute. 

26. Hie heart is now ready to be perfiised. Open the stopcock to the heart. Note the time 
and record it on the data sheet. 

27. Position the heart so that the large cardiac vein &ces upward. Use the uncut left atrium 
as a landmark in finding this vein. During this positioning, it is critical that the tubing 
and heart remain aligned, so that the tubing does not become crimped. 

28. Secure the stopcock in the alligator clanq) on the left side of the stage. The heart should 
be on the center of the flat gauze, and cradled between the folded gaiize. 

29. Place the ten^erature probe on the left atrium. Tape the wire of the probe to the back 
of the stage. 
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30. Moisten the heait with PBS. At this time, evahiate the per&sion pressures. At about 
5 minutes of perfusion, perfusion pressures range from 30-50mmHg and the pressures 

should not be rising more than 2-3mmHg/niin. 
1) Ifthe pressures are high, 

a) check that there are no Ionics in the tubing 
b) evahiate the position of the catheter; ifthe catheter is inserted too close 
to the aortic valve, pressures are high. Adjust the catheter if necessary. 
Adjusting the ties to the catheter wings by bending the wings upward may 
retract the catheter enough. K'not, the ties aroimd the aorta may have to be 
cut, the catheter retracted, and then retied. BE CAREFUL. Undoing the 
aortic ties often results in the catheter sloping out of the aorta. Another heart 
will then need to be isolated if the catheter cannot easily be remserted. 
c) evaluate the sutures around the catheter; sutures tied too tightly wiU result 
in increased pressures. The sutures may have to be cut and then retied. This 
oflen results m the catheter sloping out of the aorta (see b above). 

2) Ifthe pressures are low, 
a) dieck for leaks around the catheter insertion site or along the aorta. Ifthe 
leak can be corrected by the placement of another tie (ie, the leak is far 
enough away from the heart), place an another tie and reevaluate the 
pressures. 

3) If corrective actions have been taken and the perfusion pressures are not 
normalized within 15-20 minutes of perfusion, isolate another heart. This is an 
m^ortant decision. It is better to isolate another heart than to coUect data on a heart 
that does not demonstrate normal preischemic values. Normal preischemic data is 
essential for the interpretation of postischemic data. 

31. Ifthe perfusion pressures are within the normal range, proceed with the experiment. 
Place the one layer thick gauze over the heart. Cover the wiiole microscope stage with saran 
wrap, taidng the saran over the heart. Place the heat lanop over the stage; the bulb should 
be about 6 inches away from the heart. 

32. For ischemic hearts: 
a. record the perfiision pressures and heart and circuit tenq)s every 5 minutes during 
the 30 minute control perfusion period. 
b. After recording the 30 min pressure, close stopcock h. Indicate "ischemia begun" 
on the data sheet and note the time. 
c. monitor the heart tenq)erature very closely. The ten^erature rises very quickly (1-
2 mm) perfiision is stopped. When the teniperature reaches 36C, move the heat 
lamp 8-9 inches away from the heart. This is usually sufficient to stop the rise m 
ten^erature and maintain a constant teiiq)erature. If not, use warm PBS as well as 
the light to maintain a constant 36-37C temp during the 30 minutes of ischemia. 
d. After 30 minutes os ischemia, the heart is ready to receive labeled DWB (see 
below) 
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33. For non-ischemic control hearts: 
a. record pei&sion pressures and heart and circuit ten^eratures every 5 minutes for 
the 60 perfusion period 
b. after 60 nrin of perfiision, the heart is ready to receive labeled DWB (see below) 

34. During the inirial 30 minute perfiision period, finish preparing DWB*. This is done by 
a person not involved in monitoring the heart. 

a. Assess the time needed for any DWB* treatments and add treatments if necessary. 
At this point, there is about 45 miniites until reperfiision begms. 

35. During ischemia or during the perfiision of the control heart, prepare for giving DWB* 
and observing the microcirculation These steps are for both control hearts and ischemic 
hearts. 

a. 15 minutes before reperfiision, place the sytinge containing DWB* in the 37C 
water bath 
b. 10 minutes before reperfusion, check the Masterflex pump for the correct settings 
c. 8 minutes before reperfiision, heat a heating pad in the microwave (2min) 
d. 7 minutes before reperfiision 

1) turn on the mercury lanq) 
2) after malong sure the gain and sensitivity kncbs are set to minimum, turn 
on the camera 
3) attach an 18 gauge needle to a sterile Cobe tubing and prime with PBS 

e. 5 minutes before reperfiision 
1) remove the syringe of DWB* ftomthe water bath (the blood has incubated 
for 10 minutes) and attach it to the Cobe tubing. 
2) e?q)ress all the air and bubbles ftomthis syringe. Very gently tap the barrel 
of the syringe to dislodge any bubbles. 
3) gently invert the syringe 3-4 times to mix the blood 
4) place syringe in pun  ̂and insert the needle into the rubber sideport of the 
IV tubing 
5) place the heating pad over the barrel of the syringe 
6) remove the heating lanq) and the saran wrap 

36. Begm perfiision of the heart with DWB* 
a. At exactly 30 mmutes after isdiemia (or ̂ ctfy 60 minutes of perfusion in control 
hearts) begin reperfiision with DWB*. Note this exact time on the data sheet. 
b. Start the video recording 
c. After seeing "index write" on the TV monitor, state "perfiision with DWB* is 

beginning "NOW". As you say "NOW", simuhaneously 
1) Push the start button on the DWB* pump. Make sure you see the "run" 
light on. 
2) Push the start button on the time date generator 
3) Stop recordmg 
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37. Begin observation of the microcirculation 
a. The elapsed time on the TV monitor represents the reperfusion time. 
b. At 1 mmute ofrepecfiision (Rl), remove the gauze from the surface of the heart. 
c. Flush the surface of the heart with warm PBS. 
d. ^'necessary, reposition the heart so that the large vein is &cing upward, and that 
the sur&ce of the heart is as flat as possible. Sometimes the heart beats during the 

preischemic period, making it necessary to do this repositioning. 
e. At two minutes of reperfiision (R2), observe the heart with the 5X objective. 

1) On the microscope, opai the visual field to the eyes and to the TV screen 
2) The leukocytes are seen as bright white ̂ ots traveling through the vessels 
3) Scan the length of the large vem to familiarize yourself with the anatomy 
4) Try to identify 5-6 venules that are suitable for data collection 

a) venules should be 30-80 um m diameter 
b) veins should be on the surfiice of the heart 

5) Try to identify capillaty fields between the veins 
f At R3, begin data collection of venules or capillary fields 

1) Begin recording 
2) Using the 5X objective, locate a venule and position it horizontally in the 
middle of the TV screen 

a) Turn to the 32X objective 
b) Center the venule horizontally on the TV screen 
c) State what you see, in descriptive terms 
d) Focus on the top margin and the bottom margin of the venule; 
focus on the leukocytes on the maigms if they are present. 
e) Stay on this venule for 30 seconds 

3) Using the 5X objective, locate a capillary field 
a) Turn to the 32X objective 
b) Orient the capillaries in the horizontal position 
c) Focus on the entire field for 30 sec. Because the heart is not flat, 
you need to focus on each quadrant of the visual field. Focus for 7 
seconds on the left, right, top, and bottom. 

4) Repeat the videotaping of veniiles and capillaries, trying to obtain 6 of 
eacL This should be accomplished by R9. Stop recording.This is the R5 data 

set. 
5) At R7, tum oflf the DWB by pushing the start/stop button on the pimip 
and open stopcock g to the heart. The heart is now receiving K2RBC. 
6) Record the perfusion pressure every 5 minutes during reperfusion. 

g. After R5 data collection, remoisten the surface of the heart with warm PBS and 
replace the one layer gauze 2X2. 

L At R17, repeat the data collection, obtaining 6 venules and 6 capillary fields. This 
is the R20 data set. This should be done by RR24. 
L After R20, moisten the heart and cover with gauze. 
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j. At R 32, repeat the data collectioii, obtaining 6 venules and 6 capillary fields. This 
should be done by R33. This is the R35 data set. 

38. The total reperfiision time is 35 mmutes. After 35 minutes 
a. Turn stopcock g off to the heart. 
b. Remove the heart fi'om the circuit at stopcock h 
c. perform a weight-to-dry weight 
d. check the pH of the circuit 

39. At R20, have another lab member prepare the K2RBC for the second heart 

40. At the end of the first experiment, draw blood firom a donor rat and proceed with the 
blood labeling and the second e;q)eriment. 

41. Equ^ment shutdown and cleanup 
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