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ABSTRACT
Diabetes is now considered a major risk factor for cardiovascular disease,
particularly ischemic heart disease. Although restoration of coronary blood
flow is prudent in order to salvage the region of the myocardium at risk,
reperfusion is also associated with an additional injury to the heart. This is
known as myocardial ischemia-reperfusion (I-R) injury. The diabetic heart
appears to be more susceptible to I-R injury compared to non-diabetic hearts
when blood is used as the perfusate suggesting that components within
diabetic blood may play a role in exacerbating the damage to the diabetic
heart upon reperfusion.

In a senes of experiments, we tested the hypothesis that leukocytes are
retained in the coronary microcirculation to a significant extent early in
reperfusion following ischemia.

We also examined if diabetic PMNs are

hyperactivated, and are able to respond to exogenous inflammatory stimuli.
Since diabetic blood is known to be hypercoagulable, we tested the hypothesis
that platelet activation adhesion protein expression is increased in diabetic
blood.

Finally, we examined if platelet-PMN interactions are increased in

diabetic blood.

Our results indicate that, early in reperfusion following

ischemia, leukocyte retention in the coronary capillaries and post-capillary
venules is significantly increased in diabetic hearts compared to non-diabetic
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hearts.

Our findings

also indicate that PMNs from

diabetics are

hyperactivated compared to non-diabetic PMNs suggesting that, once
sequestered, PMNs in the diabetic coronary microcirculation are able to
initiate an exaggerated inflammatory response, which may exacerbate the
reperfusion injuiy. We also found that platelet adhesion protein expression
was enhanced in diabetics, an effect that was partially attenuated by aspirin
usage. Platelet-PMN conjugate formation was increased in diabetic blood
and appeared to enhance ROS production in diabetic PMNs since blockade of
these aggregates attenuated PMN ROS production in diabetic blood.

The results from these experiments indicate that both hyperactivated PMNs
and platelets in diabetic blood likely contribute to exacerbated ischemiareperfusion injury in the diabetic heart. Once the mechanisms of myocardial
reperfusion injury in diabetes are known, therapeutic interventions can be
introduced with the hope of attenuating the increased morbidity and
mortality associated with ischemic heart disease in the diabetic population.
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CHAPTER 1. BACKGROUND AND LITERATURE REVIEW
1.1 DIABETES AND CARDIOVASCULAR DISEASE
1.1(1) History of Diabetes Mellitus
Diabetes mellitus is a disease characterized by chronic elevated blood glucose
levels due to a deficiency in insulin production or insulin action. Diabetes
was described more than 2000 years ago by Aretaeus of Cappadocia (circa
150 A.D.) who wrote: "Diabetes is a remarkable disorder, and not one very
common to man. It consists of a moist and cold wasting of the flesh and limbs
into urine, from a cause similar to that of dropsy; the secretion passes in the
usual way, by the kidneys and the bladder. The patients never cease making
water, but the discharge is as incessant as a sluice let off.

This disease is

chronic in character, and is slowly engendered, though the patient does not
survive long when it is completely established for the marasmus produced is
rapid and death is speedy" (1). Our knowledge of diabetes and its causes
began to advance during the mid- to late-1800's.

During this period,

observations made by the French chemist Bouchardet led to the distinction
between the two major tjrpes of diabetes: the severe type in younger persons
and the more common form of the disease found in older persons (1). The
terms diabete maigre (diabetes of the thin) and diabetes gras (diabetes of the
fat) were introduced to describe the two forms of the disease. Although the
etiology of diabetes had not been estabhshed, a short paper by a medical
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student named Paul Langerhans described a previously unknown cell type in
the pancreas that appeared as small islands, distinct from other exocrine
glands that were present in the gland. Since no function was assigned to
these cell "islands", this observation went relatively unnoticed until 1889. An
important discovery in the history of diabetes was made in 1889 by the
experimental work of von Mering and Minkowski. In their landmark study,
they removed the pancreas from two dogs and noticed an immediate frequent
and voluminous urination.

When a small portion of the pancreas was

implanted under the skin of a freshly depancreatized dog, the occurrence of
hj^erglycemia was prevented until the gland was removed or had
spontaneously degenerated. Their findings established a role of the pancreas
in the etiology of diabetes.

Proper attention was given to the original

observations of Langerhans in which the collection of interacinar cells, known
as the "islets of Langerhans", were now thought of a gland of secretion within
the pancreas. In 1921, a turning point in the history of diabetes occurred
with the discovery of insulin by Frederick Banting and Charles Best.
Although insulin had been discovered, the outlook for patients with insulindependent diabetes remained especially bleak due to the short supply of
insulin for therapeutic intervention. Over the next 30 years, the procedures
for producing and piurifying insulin were refined and in the early 1980's,
insulin became the first hormone to be produced by genetic engineering and
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used for treatment of disease in humans (1). Current advances in the fields
of endocrinology and molecular biology have led to a better understanding of
the pathogenesis of both insulin-dependent (IDDM) and non-insulin
dependent (NIDDM) diabetes mellitus.

Diabetes continues to be a major contributor to morbidity and mortality in
the U.S. population. Diabetes mellitus currently affects an estimated 16
million people in the United States and more than 143 million people
worldwide (2). This chronic disease is now the T''* leading cause of death in
the United States. This may be an underestimation of the contribution of
diabetes to mortality since death certificates often Ust other complications of
diabetes as the cause of death rather than diabetes per se (3,4). Diabetes is
also the leading cause of bUndness, end-stage kidney disease, and non
traumatic limb amputations (5). Even with the significant advances made
over the past 2000 years since the signs of diabetes was first observed,
diabetes mellitus is still a chronic disease that has no known cure.
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1.1(2) Classification of Diabetes Mellitus
In 1979, the National Diabetes Data Group established a set of guidelines for
the classification of diabetes and other categories of glucose intolerance (6).
Diabetes Associations worldwide and the World Health Organization have
since endorsed the classification system. Diabetic patients are now classified
into one of the following groups based on specific characteristics of the
disease: insulin-dependent diabetes (IDDM), non-insulin dependent diabetes
(NIDDM), gestational diabetes, diabetes associated with certain conditions or
syndromes, and impaired glucose tolerance. Of these classes of diabetes, only
IDDM and NIDDM will be discussed below due to their relevance to the
research described in subsequent chapters.

1.1 (2A) Insulin-dependent Diabetes MeUitus
Insulin-dependent diabetes mellitus (IDDM), also known as type 1 diabetes,
accounts for - 5-10% of the diabetic population in the U.S. Although the
onset of IDDM most often occurs in children and young adults between the
ages of 10-14 years, IDDM can occur at any age. IDDM is an autoimmune
disease characterized by an almost complete destruction of the insulin
secreting cells (B-cells) within the pancreas resulting in a deficiency in
insulin secretion. Insulin deficiency can lead to a multitude of metabolic
consequences, including excessive thirst, poljoiria, and weight loss (2,5).
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Dysregulation of lipolysis often occurs in IDDM patients producing elevated
levels of ketone bodies that lead to ketosis and ketonuria (2,5). A marked
elevation in circidating ketone bodies can result in metabolic acidosis and
consequently diabetic coma and if severe enough, death. IDDM patients
require insulin treatment for both the control of blood glucose levels and the
spontaneous occurrence of ketoacidosis.

1.1 (2B) Non-insuhn-deoendent Diabetes Mellitus
Non-insuUn dependent diabetes mellitus (NIDDM), or type II diabetes, is the
major form of diabetes mellitus, accounting for 90-95% of the diabetic
population (2,3,5). In contrast to IDDM, the onset of NIDDM usually occurs
after the age of 40. NIDDM occurs as the result of a deficiency in insulin
action due to abnormalities in insuHn action and/or insulin secretion from the
pancreas. Hyperglycemia is often present as a result of the deficit in insuhn
action; however, the deficiency in insulin action is usually not severe enough
to cause excessive ketone body production and metabohc acidosis. NIDDM is
frequently asjnnptomatic for a significant period of time.

Thus, it is

estimated that ~ 50% of patients who have NIDDM are not aware that they
have the disease due to the absence of clinically overt symptoms (5).
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1.1(3) Diabetes and Cardiovascular Complications
1.1 (3A) Epidemiology
Diabetes is now considered a major risk factor for cardiovascular disease
along with hypertension, cigarette smoking, and hyperlipidemia (3).
Cardiovascular disease, particularly ischemic heart disease, is the most
common cause of death in the diabetic population (3,4). The relative risk of
mortality due to cardiovascular disease has been examined in a number of
epidemiologic studies.

In the Multiple Risk Factor Intervention Trial

(MRFIT), cohorts of 350,000 non-diabetic and 6,000 diabetic men were
examined over a 12-year period for cardiovascular mortality. In this study,
the relative risk of mortality due to cardiovascular disease and more
specifically, coronary heart disease, were approximately three times greater
in diabetics compared to non-diabetics, even with adjustments made for age,
race, serum cholesterol, blood pressure, and cigarette smoking (3). Similar
relative risk ratios for cardiovascular disease mortahty have been reported in
several studies, with results ranging fi:om 1.5 to 3.7 times greater risk in
diabetic subjects compared to non-diabetics (Table 1.1).

Diabetics are also at increased risk for myocardial infarctions compared to
non-diabetics (3,7,8). The mortality rate associated with the infarction is also
significantly elevated (7). In the Minnesota Heart Survey, the in- hospital
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death rate following myocardial infarction was significantly increased in
diabetic patients compared to non-diabetics (9).

Additionally, diabetic

patients are more likely to encounter a second heart attack and are less likely
to survive the event, particularly in women with diabetes (7).

In the

Framingham study, the age-adjusted two-year rate of recurrent myocardial
infarction was only shghtly increased in diabetic compared to non-diabetic
men. However, the rate of recurrent MI in diabetic women was three times
the rate observed in non-diabetic women (7). Taken together, these chnical
observations indicate that cardiovascular disease, particularly coronary heart
disease, is a major contributor to morbidity and mortality in the diabetic
population.

Furthermore, it appears that diabetic patients are more

susceptible to ischemic injury in the heart compared to non-diabetic subjects
as evidenced by the increased mortahty rate following myocardial infarctions.

Table 1.1. Relative risk of cardiovascular mortality in diabetic patients in 4 prospective studies.
Study

Year Age of
Subjects

Number of Subjects

Duration of

Relative Risk

(Diabetics/Non-diabetics)

Follow-up (years)

(Diabetic/Non
diabetic)

NHANES I (4)

1998

25-74

725/13,646

22

1.5-3.6

Uusitupa (10)

1993

45-64

133/144

10

3.7

Framingham(7)

1988

52-77

92/609

2

1.7

MRFIT (3)

1993

35-57

5163/342,815
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2.3-3.2

1.1 (3B) Etiology of Heart Disease in Diabetes
There are several factors that contribute to the increased incidence of
cardiovascular compUcations in diabetes, including coronary heart disease
(CHD), diabetic cardiomyopathy, alterations in the coronary vasculatiure, and
the hypercoagulability of diabetic blood. Another factor that may contribute
to the increased cardiovascular mortality rate in diabetes is enhanced
ischemia-reperfusion injury.

Each of these factors and their potential

contribution to the cardiovascular disease in diabetes will be discussed below.

1.1 (3B) 1. Coronary Heart Disease
Diabetics are at increased risk for coronary heart disease (CHD) compared to
non-diabetics.
increases

the

CHD can lead to a decrease in myocardial perfusion and
risk of

myocardial

infarction

due

to

formation of

thromboembolic events. The incidence of CHD in diabetic patients is well
documented. In the Honolulu Heart Study, 376 tjrpe 2 diabetic and 2,042
non-diabetic males were examined over an 18-year follow-up period. The
development of CHD was 1.7 times greater in diabetics compared to nondiabetics (11). A marked increase in the incidence of CHD in type 1 and type
2 diabetic females was observed in the Nurses' Health Study. Over an 8 year
span, the incidence of CHD in tj^je 1 diabetics was 12.2 times greater
compared to non-diabetic females, even after adjusting for age and other

23

cardiovascular risk factors. The adjusted risk ratio was 6.7 for the incidence
of CHD in type 2 diabetics (12). These findings suggest that while the overall
incidence of CHD is elevated in all diabetics, the situation may be worse in
female diabetics.
1.1 (3B) 2. Diabetic Cardiomyopathy
Because the diabetic condition is associated with a significant increase in the
occurrence of atherosclerotic disease, cardiac dysfunction and the elevated
prevalence of cardiac events have been mainly attributed to coronary heart
disease. However, evidence suggests that significant myocardial structural
and functional changes occur in the absence of underlying coronary
atherosclerosis in the diabetic heart (13). Systohc dysfunction, measured as
decreased left ventricular fractional shortening, has been reported in many
(14-17), but not all (13) studies in diabetic patients.

Conversely,

abnormalities in diastolic function appear to be consistently observed in the
diabetic population and is thought to be due to increased interstitial
connective tissue and/or slowed ventricular relaxation are thought to
contribute to diastolic dysfunction (18,19).

Experimental studies using animal models of diabetes in which functional,
biochemical, and histological alterations in the heart were examined have
partially

elucidated

the

pathogenesis

of

diabetic

cardiomyopathy.
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Experiments in isolated perfused rat hearts suggest that diabetics exhibited
diminished pressure development, cardiac output, and peak relaxation rate
(20-22). Furthermore, left ventricular compUance was reduced in diabetic
rats (20,23).

A multitude of biochemical alterations have been reported in hearts from
diabetic animal models including alterations in myosin ATPase and myosin
isozyme distribution (22), sarcolemal Ca++ transport (24), adrenergic and
cholinergic receptor density and function (25), and substrate metabolism
(26;27). The decline in ATPase activity may be due to a shift in myosin
isozyme distribution from predominately Vi (fast isoform) to V (slow isoform)
,5

(22) and may also contribute to the diminished rate of contraction and
relaxation observed in the diabetic heart (14-19). Calcium transport into the
sarcoplasmic reticulum (SR) is also diminished in diabetes. It appears that a
decline in the number of SR Ca++ ATPase ion pumps (28,29) along with
elevated levels of long chain acyl carnitines (24) may account for the
diminished rate of Ca"^ uptake by the SR and impaired relaxation of cardiac
myocytes.

In diabetic rats, the response to inotropic and lusitropic agonists

was reportedly diminished (25). This may be due to a decrease in betareceptor density (25) and/or changes in the post-receptor response in diabetic
rat hearts (30).
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Altered carbohydrate, lipid, and adenine nucleotide metaboUsm may also
contribute to diabetic cardiomyopathy. Carbohydrate metabolism in diabetic
hearts is impaired (26) and is thought to be due to impaired insiUindependent glucose transport and/or excess oxidation of free fatty acids (FFA)
which increase citrate levels, resulting in the inhibition of the glycolytic
enzyme phosphofructokinase and glycolysis (31). Lipid metabolism is also
significantly altered in the diabetic heart.

Carnitine, an amino acid

derivative that is necessary for entry of long chain FFA into the
mitochondria, is decreased in the diabetic heart (32).

Increased beta

oxidation of FFA in conjunction with decreased carnitine levels lead to the
accumulation of acyl CoA and long chain acyl carnitine intermediates in the
cytoplasm. These FFA metabolites are reported to have negative effects on
Ca++ transport as well as adenine nucleotide metaboUsm (27). In addition to
altered carbohydrate and lipid metabolism, evidence suggests that adenine
nucleotide metabolism is also altered in the diabetic heart. Decreased ATP
and creatine phosphate content was reported from ventricular tissue taken
from diabetic rats (33). In addition, Popovich et al. observed a significant
decrease in creatine kinase activity in diabetic rats (34). These defects may
limit the delivery of high energy phosphates to the contractile apparatus as
well as ATPases such as myosin ATPase and SR Ca++ ATPase.
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In addition to biochemical alterations in the diabetic heart, structural
changes in the heart have also been observed in animal models of diabetes.
In diabetic rats with hypertension. Factor et al. reported perivascular,
interstitial, and replacement fibrosis in hearts removed fi*om streptozotocininduced diabetic rats (35). These findings are in contrast to the alterations
that occur in hearts of animals with either diabetes or hypertension alone
(13).

Thus, it appears that the combination of both hypertension and

diabetes lead to the anatomical alterations that have been observed in
diabetic hearts (35,36)

1.1 (3B) 3. Alterations in Coronary Vasculature and Hemodvnamics
Alterations in the coronary vasculature have been reported in diabetic
patients (37-39) and may ultimately contribute to cardiac dysfunction in
diabetes. A structural alteration in the diabetic heart involves changes in
both capillary basement membrane thickness and the luminal diameter of
microvessels. Fischer et al. examined biopsied myocardial tissue from nondiabetic and diabetic rats and found that capillary basal laminar thickness
was significantly increased in diabetic hearts compared to non-diabetic
hearts (40). A narrowing of coronary capillaries has also been observed in the
diabetic heart.

Manciet et al. reported that capillary diameter in

streptozotocin-induced diabetic rats hearts were significantly smaller
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compared to non-diabetic control coronary capillaries (41). These structural
changes in the coronary capillaries may be due to an initial increase in
capillary blood pressure.

Measurement of nailfold capillary hydrostatic

pressure in diabetic patients by Tooke et al. (42) indicate that capillary blood
pressure is increased in diabetics.

Furthermore, the rise in capillary

pressure appears to precede any changes in microvascular function. The
authors concluded that capillary basement membrane thickening may be a
compensatory mechanism in order to counteract the capillary hypertension in
diabetes.

The vasodilatory response in coronary arterioles appears to be compromised
in the diabetic heart. Both maximal coronary vasodilation and the regulation
of coronary flow in response to submaximal increase in myocardial demand
are decreased in diabetic patients (37,39). Endothelial function and vascular
smooth muscle relaxation can be assessed by measuring coronary flow
reserve. Nitenberg et al. (43) studied coronary vascular reserve in diabetic
patients using intracoronary papaverine and acetylcholine and observed
impaired endotheUum-dependent coronary vasodilation. Similarly, Pitkanen
et al. measured myocardial blood flow in patients with type 1 diabetes at rest
and after dipyridamole administration.

They found that coronary flow

reserved in patients with type 1 diabetes was significantly decreased
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compared to health non-diabetic subjects (38). These finding suggest that the
diabetic heart may be particularly susceptible to underperfusion in conditions
that require maximal vasodilation due to a reduction in coronary blood flow
reserve.

1.2 ISCHEMIA-REPERFUSION INJURY IN THE DIABETIC HEART
1.2 (1) Myocardial Ischemia and Reperfusion
Myocardial ischemia is defined as insufficient coronary blood flow to meet the
metabolic requirements of the cardiac tissue. Prolonged myocardial ischemia
is accompanied by a time-dependent loss of the viabihty of the myocardium in
the ischemic region of the heart. Reperfusion is the restoration of coronary
blood flow to the ischemic heart and is necessary for the continued survival of
the myocardial cells at risk of permanent damage.

The heart may be

subjected to situations of ischemia and reperfusion under various
pathophysiologic

conditions

such

as

acute

myocardial

infarction,

percutaneous transluminal angioplasty (PTCA), and coronary artery bjT)ass
grafting (CABG).

1.2 (2) Ischemia-Reoerfusion Injury in the Non-Diabetic Heart
Timely restoration of blood flow to the ischemic heart is necessary to prevent
the progression of myocardial cell necrosis.

However, reperfusion of the

29

previously

ischemic

myocardium

may

not

be

entirely

beneficial.

Experimental and clinical evidence suggest that reperfusion/reoxygenation
may contribute to additional injury to both the coronary microcirculation and
myocj^es. This phenomenon is known as ischemia-reperfusion injury. Four
categories of ischemia-reperfusion injury have been described in the
literature: 1. Lethal reperfusion injury, 2. Reperfusion-induced arrhythmias,
3. Myocardial stunning, and 4. Coronary vascular alterations.

1.2 (2A) Lethal Reperfusion Injury
Lethal reperfusion injury is defined as myocardial cell death due to
reperfusion. In this form of reperfusion injury, myocardial cells reversibly
injured at the end of a period of ischemia become irreversibly damaged by
reperfusion per se (44). The existence of lethal reperfusion injury remains
controversial.

While some investigators attribute significant myocardial

necrosis to reperfusion (45,46), other findings do not support the concept of
lethal reperfusion injury (47,48). Matsumura and colleagues investigated
myocardial cell viability in dogs at the end of the ischemic period and
following three hours of reperfusion. Using electron microscopy, they found
that a significant proportion of viable myocardium at the end of ischemia
became nonviable following the reperfusion period (45).

These findings

support the existence of myocardial cell necrosis due to reperfusion. Ganz et
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al compared the effect of reperfusion and non-reperfusion in the same
ischemic region in dog hearts. They found that reperfusion of the ischemic
myocardium did not extend the area of necrosis compared to ischemia alone
(47). Thus, in contrast to the findings of Matsumura et al, which support the
notion of a lethal reperfusion injury, the findings by Ganz et al suggest that
myocardial necrosis following ischemia and reperfusion may be a
consequence of ischemia alone and not due to reperfusion.

1.2 (2B) Reperfusion-induced Arrhythmias.
Experimental studies involving myocardial ischemia and reperfusion indicate
that reperfusion arrhythmias, including ventricular fibrillation, ventricular
tachycardia, and idioventricular rhythm, occur within seconds of reperfusion
following ischemia (49,50).

Furthermore, the firequency of reperfusion-

induced arrhythmias appears to be dependent on the duration of ischemia,
with the incidence of arrhythmias following a bell-shaped curve with
increasing durations of ischemia (50). In experimental models of myocardial
ischemia and reperfusion, reperfusion-induced arrhythmias are thought to be
induced by the generation of oxygen-derived firee

radials since the

administration of antioxidants such as superoxide dismutase, catalase, or
desferroxamine during reperfusion reduced the incidence of ventricular
fibrillation during reperfusion (51,52). The generation of oxygen firee radicals
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may disturb cardiac myocs^te action potentials by altering cardiac Na'^-K^
ATPase activity and subcellular calcium homeostasis (53,54).

Although often observed in experimental models of myocardial ischemia and
reperfiision, reperfusion-induced arrhythmias in the clinical setting have not
been consistently observed. In a study by Murohara et al., they observed a
reduction in the incidence of ventricular arrhythmias during reperfusion
when superoxide dismutase was administered to patients with acute
myocardial infarction during the first fifteen

minutes of reperfusion by

thrombolysis (55). This suggests that reperfusion-induced arrhythmias do
exist in the chnical setting and that oxygen-derived free radicals may be
involved

in

the

pathogenesis

or

reperfusion-induced

arrhythmias.

Conversely, clinical studies examining patients with acute myocardial
infarctions following thrombols^ic therapy did not observe an increase in
malignant ventricular arrhythmias (56,57). The ambiguity surrounding the
occiirrence of reperfusion-induced arrhythmias in human patients may be
related to the duration of ischemia. With increasing durations of ischemia,
the incidence of arrhythmias associated with reperfusion diminishes (50). In
the clinical setting, such as patients presenting with acute myocardial
infarction, the duration of ischemia may be prolonged compared to animal
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studies and thus may not consistently demonstrate arrhythmias upon
reperfusion of the ischemic myocardium.

1.2 (20 Myocardial Stunning
Bolli describes ventricular dysfunction during reperfusion following transient
ischemia, or myocardial stunning, as the regional post-ischemic "mechanical
dysfunction that persists after reperfusion despite the absence of irreversible
myocyte damage and despite the restoration of normal or near-normal
coronary flow" (58).

In addition, this ventricular dysfunction is a fully

reversible abnormality and is not caused by a primary deficit of coronary
perfusion.

Myocardial stunning has been observed in a variety of

experimental and clinical settings. In the dog model, less than 20 minutes of
coronary occlusion followed by reperfusion induced myocardial stunning that
required several hours to several days to recover its contractile function (59).
In the clinical setting, myocardial stunning has been observed following
coronary

thrombolysis (60),

open-heart surgery

(61),

and coronary

angioplasty (58).

Experimental evidence suggests that oxygen-free radicals and/or alterations
in myocardial calcium sensitivity mediate myocardial stimning during
reperfusion of the previously ischemic heart.

Bolli et al. detected the
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presence of oxygen-free radicals in the reperfiised heart.

Using electron

paramagnetic resonance, they were able to measure oxygen-free radical
production immediately after reperfiision of the ischemic myocardium (62).
Furthermore,

administration

of

superoxide

dismutase

and

catalase

significantly enhanced recovery of ventricular function following ischemia
and reperfusion (63,64) suggesting that oxyradicals contributed to myocardial
post-ischemic dysfunction.

Several studies suggest

that decreased

responsiveness of myofilaments to calcium also contributes to myocardial
stunning. Kusuoka and colleagues observed that the stunned myocardium
exhibited a decreased responsiveness to calcium as determined by a decrease
in the maximal calcium-activated force generation and a decrease in the
myocardial sensitivity to extracellular calcium (65).

Thus, both oxygen-

derived free radicals and decreased calcium sensitivity most likely contribute
to post-ischemic contractile dysfunction.

1.2 (2D) Coronary Vascular Iniurv
When the heart is exposed to ischemia and reperfusion, damage occiu's not
only to the myocardium, but also to the coronary vasculature as well. For
instance, several studies have observed abnormal vasodilator reserve
following ischemia and reperfusion (66-68).

Furthermore, vascular

dysfunction during reperfusion appears to be limited to the coronary
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resistance and exchange vessels, and not the larger condviit arteries. Quillen
et al. investigated the effects of ischemia and reperfusion on endotheliumdependent and -independent vascular relaxation in both conduit and
resistance coronary arteries. Following one hour of occlusion and one hour of
reperfusion, coronary microvessels exhibited a marked impairment of
endothelium-dependent

vasodilation

compared

to

ischemic

coronary

microvessels in the absence of reperfusion (68). Damage to the coronarj"^
capillaries following ischemia and reperfusion has also been demonstrated.

A consequence of microvascular injury in the heart may be the inability to
perfuse previously ischemic tissue during reperfusion. This event is known
as the no-reflow phenomenon and has been associated with microvascular
damage including gaps within the endothelium and neutrophil infiltration
(69-71). In addition to microvascular injury, the no-reflow phenomenon may
also be due, in part, to myocsrte contracture or swelling which causes
compression of microvessels and subsequently a reduction in perfusion
(70,72,73).

Although some of the abnormalities to the endothelium or

myocytes that contribute to no-reflow are present at the end of ischemia, the
act of reperfusion appears to exacerbate the problem.

Results from

experiments using the occlusion-reperfusion model in dog hearts suggest that
impairment of myocardial perfusion gradually worsened during the
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reperfusion period from two minutes through 3.5 hours (74). In addition,
previous findings by McDonagh et al. suggest that the no-reflow phenomenon
is more pronounced in the endocardium compared to the epicardium in rat
hearts subjected to global ischemia and reperfusion (75). McDonagh and
Roberts also found that, even in the absence of platelets and neutrophils,
perfusion deficits still occurred suggesting that the presence of these blood
cells are not necessary to induce the no-reflow phenomenon (76).

1.2 (3) Ischemia-Reperfusion Injury in the Diabetic Heart
1.2 (3A) Ischemia-Reperfusion Iniurv is Decreased in the Diabetic Heart.
Epidemiologic data and chnical studies indicate that diabetics exhibit
increased susceptibility to ischemic injury (3,7,9). However, experimental
findings are inconsistent with respect to the severity of ischemia-reperfusion
injury in the diabetic heart. Several studies have observed that diabetic
hearts are less sensitive to ischemia-reperfusion injury compared to nondiabetic hearts (77-80).

Reynolds and McDonagh were one of the first

investigators to report that the recovery of diabetic hearts to ischemia and
reperfusion was enhanced compared to non-diabetic hearts (78). Additional
studies have reported that, compared to control hearts, diabetic hearts
demonstrate a decrease in reperfiision-induced arrhs^thmias (79,81) and
infarct size (82) following ischemia and reperfusion. The majority of studies
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demonstrating decreased susceptibility to ischemia-reperfusion injury used
the streptozotocin-induced model of type 1 diabetes.

However, increased

recovery of diabetic hearts subjected to ischemia and reperfusion has been
reported using other diabetic animal models. Ramasamy and Schaefer used
the BBAV genetic rat, a model of type 1 diabetes, and also observed an
increase in the recovery of isolated diabetic hearts following ischemia and
reperfusion (83). Tilton et al. examined isolated hearts from control and
alloxan-induced diabetic rabbits and found that diabetic hearts exhibited less
diastolic dysfunction and increased ventricular contractile recovery during
reperfusion following ischemia compared to control hearts (84). While reports
of decreased susceptibility to reperfusion injury in the diabetic heart are not
confined to specific animal models, other experimental conditions appear to
be similar among these studies including a relatively short duration of
diabetes (6 weeks or less), no-flow ischemia, and either glucose or glucose and
pyruvate as available substrates during ischemia.

Several mechanisms have been proposed to explain the decreased
susceptibility of diabetic hearts to ischemia-reperfusion injury.

One

determining factor may be the manner in which the myocardium responds to
changes in intracellular pH that occur during ischemia. Continued glycolytic
flux contributes to the accumulation of intracellular

ions ^Hi) during
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ischemia. In order to compensate for the decrease in pHi during ischemia,
Na^/H+ exchangers transport

out of the cell in exchange for Na^ during

reperfusion. This can result in a dramatic influx of Na+ ions into the cardiac
myocytes during reperfusion. An increase in intracellular Na^ concentration
activates the reversal mode of the NaVCa^ exchanger resulting in the influx
of Ca^"^ ions into the cardiac myocyte. Calcium overload in cardiac myocytes
during reperfusion can lead to poor ventricular recovery, particularly
diastoUc dysfunction. Defects in the NaVH+ and Na+/Ca++ exchangers have
been reported in the diabetic heart (83,85). A functional deficit in these ion
exchangers may ultimately spare diabetic myocytes from dramatic increases
in Ca^ influx and thus improve ventricular recovery following ischemia and
reperfusion.

1.2 (3B) Ischemia-Reperfusion Injury is Increased in the Diabetic Heart.
In contrast to previous studies, other investigators have reported that
ischemia-reperfiision injury is increased in the diabetic heart (81,86-88).
Variability in a number of experimental conditions in which isolated diabetic
hearts are examined may contribute to the divergence in findings

in

sensitivity of diabetic hearts to ischemia-reperfusion injury. For example,
the duration of diabetes may affect the recovery of diabetic hearts firom an
ischemic event.

Most studies that reported a decrease in ischemia-
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reperfusion injury in the diabetic heart were performed using rats with < 6
weeks of diabetes duration. Conversely, a common characteristic in most
studies demonstrating increased susceptibility to reperfusion injury is the
relatively longer duration of diabetes. The changes in susceptibility of the
diabetic heart to myocardial ischemia-reperfusion injury was reported by
Tosaki et al. in a study that examined ventricular recovery and the incidence
of ventricular arrhythmias in isolated rat hearts subjected to 30 min. of noflow ischemia followed by 30 min. of reperfusion. Rat hearts were isolated
and examined following either 2, 4, 6, or 8 weeks of streptozotocin-induced
diabetes.

Two-week diabetic rat hearts were relatively protected from

ventricular fibrillations and had a significantly greater recovery of left
ventricular developed pressure compared to controls indicating a decrease in
ischemia-reperfusion injury in the diabetic heart. However, this 'protection'
from reperfusion injury had diminished with increased durations of diabetes
since no differences were observed between 4- and 6-week diabetics compared
to controls.

After 8 weeks, diabetic hearts exhibited a decrease in the

recovery of left ventricular developed pressure following ischemia and
reperfusion compared to controls.

These results suggest that, early in

experimental diabetes, hearts are relatively protected from
induced cardiac dysfunction.

reperfusion-

With longer durations of diabetes, this
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protection appears to be lost and diabetic hearts become more susceptible to
reperfusion injury compared to control, non-diabetic hearts (81).

The presence of fatty acids in the perfusate may have a detrimental effect on
the recovery of diabetic hearts during reperfusion following ischemia. A
possible explanation may involve the accumulation of long chain acylcarnitine and long-chain acyl CoA in the myocardium that occur during
ischemia and reperfusion in the presence of elevated fatty acids. Build up of
these fatty acids in the myocardium has been linked to the induction of
ventricular arrhythmias (89) and depressed ventricular function during
reperfusion (90), possibly due to the incorporation of fatty acids into the cell
membrane causing dysfunction of ion channels (90).

The transport of long-

chain fatty acids across the mitochondria membrane for beta-oxidation is
dependent on the presence of carnitine.

Carnitine deficiency has been

reported in diabetic rat hearts (32,91) which can lead to impairment of fatty
acid oxidation in the mitochondria and diminished ATP production. Thus,
the presence of fatty acids in the perfusate and subsequent fatty acid
accumulation in the cardiac myocyte may be especially important in the
diabetic heart due to a deficiency in carnitine.
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1.2 (4) The Blood Contribution to Ischemia-Reperfusion Injury in the Diabetic
Heart
The previous section discussed the controversy surrounding ischemiareperfusion in the diabetic heart. Review of earlier studies indicate that the
experimental conditions in which ischemia-reperfusion injury was examined
in the diabetic heart play a significant role in determining the recovery of
cardiac function in diabetic hearts following ischemia and reperfusion.
Previous studies have used a Krebs-based perfusate supplemented with
metabolic substrates (77-81,87,88). However, the role of blood components in
ischemia-reperfusion injury in the diabetic heart has not been previously
investigated. In a recent study, we examined the contribution of blood to
myocardial reperfusion injury in the streptozotocin-induced rat model of
diabetes. In this study, we measured the recovery of ventricular function in
isolated non-diabetic and diabetic hearts perfused with either non-diabetic or
diabetic diluted whole blood. Both groups were perfused with a leukocj^epoor Krebs-red cell-albumin perfusate (K2RBC) as a control. The recovery of
ventricular function following ischemia and reperfusion was depressed when
either non-diabetic or diabetic hearts were perfused with diabetic blood
compared to perfusion with non-diabetic blood. These findings suggest that
components within diabetic blood, possibly leukocytes and platelets,
exacerbate ischemia-reperfusion injury.
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1.2 (4A) Levikocvtes Sequestration in the Coronary Microcirculation
Following Ischemia and Reperfusion.
Leukocytes, particularly polymorphonuclear leukocytes (PMNs), may be the
component in diabetic blood that mediates the increased myocardial
reperfusion injury in diabetes.

The role of leukocytes in mediating

reperfusion injury is well established in non-diabetic organs (92-96). The site
of leukocyte retention following ischemia and reperfusion primarily occurs in
post-capillary venules in most microcirculations.

The exceptions are the

pulmonary and coronary microcirculations in the lung and heart, where the
capillary appears to be a major site of leukocyte accumulation (97-99).
Several studies by Ritter et al. examined the locations and conditions of
leukocjrte retention following ischemia and reperfusion in non-diabetic hearts
(97,98,100). In their studies, they used intravital fluorescence microscopy to
directly visualize the sequestration of labeled leukocytes in the coronary
microcirculation.

In the early minutes of reperfusion, they observed a

significant increase in leukocyte capillary plugging upon reperfusion with
unactivated diluted whole blood. A significant increase in leukocyte venular
adhesion was not observed unless the diluted whole blood was preactivated
with the chemotactic peptide fMLP indicating that, early in reperfusion
following ischemia, leukocjrte activation was necessary for significant venular
adhesion, but not capillary plugging (98). Mechanisms underljdng leukocyte
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retention in the diabetic coronary microcirculation will be discussed in
chapter 2.

Studies performed in other microcirculatory beds of diabetic rats suggest that
leukocyte sequestration is enhanced in diabetes following ischemia and
reperfusion. Panes and colleagues examined leukocyte accumulation in the
mesenteric microcirculation following ischemia and reperfusion.

They

observed a significant increase in the number of adherent leukocytes in the
reperfused mesentery in diabetic rats compared to controls. They also noted
that antibodies directed against CD11/CD18, ICA^I-1, or P-selectin
dramatically decreased the number of adherent leukocytes after reperfusion
in diabetic rats (101).

In addition, Salas et al. examined leukocyte

sequestration in the mesenteric microcirculation in diabetic rats following
ischemia and reperfusion.

They also observed a dramatic increase in

leukoc5rte sequestration in diabetics compared to non-diabetics. The increase
in leukocjrte adhesion was blocked by a FAF-receptor antagonist or a
leukotriene synthesis inhibitor (102). Taken together, these findings indicate
that leukocyte-endothelial cell adhesive interactions are increased following
ischemia and reperfusion in the diabetic mesenteric microcirculation. These
results also suggest that the amplified leukocj^e-endothelial cell interactions
are mediated by P-selectin (initial rolling) and ICAM-1 expressed on
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endothelial cells and CD11/CD18 expressed on diabetic PMNs. PAF and
leukotrienes may also contribute to enhanced leukocyte activation and
adhesion in the diabetic mesentery diu'ing reperfusion following ischemia.
While

the findings

of increased leukocyte adhesion in mesenteric

microvessels in the diabetic rat are interesting, it is not known if enhanced
leukocyte sequestration also occurs in the ischemic and reperfused
microcirculation of the diabetic heart.

Several studies have examined the mechanisms of leukocyte adherence to
post-capillary venules and subsequent leukocyte activation following
ischemia and reperfusion (97,98,103-105). Evidence suggests that production
of xanthine oxidase-derived oxygen radicals is an early event that mediates
leukocyte-endothelial cell adhesion. Endothelial cells contain both xanthine
dehydrogenase, which reduces nicotinamide adenine dinucleotide (NAD), and
xanthine oxidase, which reduces molecular oxygen to superoxide (106,107).
Upon exposure to hypoxia, xanthine dehydrogenase is converted to xanthine
oxidase (106,107). This conversion increases the capacity for enodothehal
cell-derived superoxide production upon reoxygenation. This series of events
is in agreement with findings that indicate increased production of oxygen
firee radicals fi'om endothelial ceUs following exposure to h3T)oxia and
reoxygenation (58,108). Evidence also suggests that increased production of
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endothelial cell-derived oxygen free

radicals contributes to leukocyte

adhesion to post-capillary venules, since inhibitors of xanthine oxidase and
oxygen radical scavengers significantly attenuate the increases in leukocyte
adhesion usually observed in post-ischemic microvessels (107,109). Increased
production of oxygen free radicals leads to the subsequent auto-activation of
endothelial cells. Once activated, endothelial cells express both P-selectin
and PAF on the cell membrane surface. The selectin family of adhesion
molecules (P-, L-, and E-selectin) mediate the initial step of leukocyte rolling
on activated endotheUal cells (110). In the early moments of reperfusion,
leukocyte rolling appears to be mediated by P- and L-selectin (110,111).
Thus, the initial tethering of leukocj^es to the surface of activated
endothelial cells via P-selectin may faciUtate the activation of leukocjrtes due
to the close proximity of endotheUal cell derived PAF. In addition to Pselectin, L-selectin on leukocytes interacts with its ligand on endothehal cells
to mediate leukocyte rolling (110,112). Significant expression of E-selectin
does not occur until 4 hours following activation of endothelial cells and thus
does not appear to participate in leukocjrte tethering early in reperfusion
(111).

However, the expression of E-selectin may become increasing

important as reperfusion continues due to the transient nature of both P- and
L- selectin expression early in reperfusion.

Once leukocyte rolling is

initiated, leukocjrte activation and subsequent firm adhesion can occur due to
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the presence of inflammatory mediators including PAF, leukotrienes, and
complement fragments (113-116). PAF, expressed on activated endothelium,
is produced in quantities sufficient to induce up regulation of CD11/CD18 on
neutrophils (114). Upon leukocyte activation, expression of the Bo-integrin
CDll/CDlS is upregiilated, which allows for the interaction with the
endothelial adhesion molecules ICAM-1 and ICAM-2 (117,118).

This

interaction facilitates the transition of leukocyte rolling to firm adhesion on
endothelial cells in post-capillary venules.

Leukocyte trapping in capillaries during reperfusion appears to be Umited to
the microcirculations of the thoracic organs (98,99). An important factor in
determining the magnitude of leukocyte trapping in both pulmonary and
coronary capillaries during reperfusion is the degree of leukocyte
deformability (99). In the heart, the mean diameter of coronary capillaries is
4.5 fim whereas neutrophil diameters are ~ 7-8 fam (93,119). Thus, under
normal circumstances, neutrophils must undergo significant deformation in
order to traverse through a capillary.

In the setting of ischemia and

reperfusion, activation of neutrophils results in decreased cell deformability,
which may contribute to leukostasis in coronary capillaries during
reperfusion.

Pentoxifylline (PTX) is a methyxanthine derivative that

increases PMN deformability and attenuates PMN pseudopod formation
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(120). Ritter et al. (121) found that reperfusion of ischemic hearts with PTX
treated diluted whole blood significantly decreased leukocyte retention in
coronary capillaries supporting the notion that leukocyte deformability is an
important determinant in capillary leukostasis.

In addition, leukocyte

accumulation in coronary capillaries during reperfusion was attenuated by
fucoidin, a sialyl-lewis* inhibitor, indicating that adhesion molecules may
also play a role in leukocyte trapping in coronary capillaries.

1.2 (4B) The Damaging Potential of Sequestered Leukocytes in the Coronary
Microcirculation.
Sequestered leukocytes in the coronary microcirculation have the potential to
cause significant damage to the microyasculature and myocardium leading to
deficits in the recovery of cardiac performance upon reperfusion of the
ischemic myocardium. Once sequestered, activated neutrophils are able to
release a number of potentially injurious agents such as oxygen-derived free
radicals (reactive oxygen species, ROS). In neutrophils, the membrane-bound
NADPH oxidase enzyme catalyses the production of superoxide anions,
hydrogen peroxide, and hypohalous acids through the following reactions:
NADPH Oxidase

NADPH + H+

• NADP+ + 2H^ + 2O2

Dismutation

2O2" + 2H'''

• O2 + H2O2
Myeloperoxidase

H202 + X +H^

• HOX-KH2O

(X- = Cl", Br, I- Typically formation of HOCl occurs due to
elevated concentration of Cl*)
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Once formed, free radicals are able to cause direct cellular injury by oxidizing
nucleic acids, proteins, and lipids and thus disrupt both intracellular
organelles and cell membranes (122,123). Proteases released from activated
neutrophils, such as elastase and collagenase, can also mediate tissue
damage through the ability to degrade key components of the extracellular
matrix. Neutrophil elastase, a serine proteinase, can degrade a wide variety
of biological substrates including elastin, fibronectin, collagen, and laminin
(124). Elastase has been shown to alter microvascular barrier properties and
cause detachment and even lysis of endothelial monolayers (125).
Collagenase is another neutrophil protease that can mediate substantial
damage to connective tissue diuring reperfusion. Charney et al. observed an
increase in collagenase activity and subsequent collagen degradation within
the region of stunned myocardium in dog hearts subjected to coronary artery
occlusion and reperfusion (126).

Thus, neutrophils sequestered in the

coronary microcirculation have the potential to initiate an inflammatory
response during reperfusion following an ischemic episode. These neutrophilmediated perturbations to the coronary vasculature and underlying
myocardium may contribute to reperfusion injury observed in the heart. In
diabetic subjects, neutrophil-mediated ischemia-reperfusion injury may be
exacerbated if neutrophil function is enhanced in diabetic blood. However,
there are discrepancies in the literature regarding neutrophil activity in
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diabetes.

Both neutrophil and platelet function will be described in the

following section.

1.3 BLOOD CELL ALTERATIONS IN DIABETES
Diabetes is associated with abnormal function of both neutrophils and
platelets.

Although platelet hyperactivity has been well documented in

diabetic patients, whether neutrophil function is increased or decreased
remains controversial. Earlier studies attributed the increased infections in
diabetic patients to depressed neutrophil function. However, more recent
findings suggest that neutrophils are hjT)eractivated in diabetics. Thus, it is
possible that increased infection rates in diabetic patients may be due to
factors other than neutrophil function, such as microvascular abnormalities
that impair the ability of neutrophils to reach the site of infection.
1.2 (^1) Neutrophil Function in Diabetes
Although neutrophils are not absolutely necessary for reperfusion injury to
occur (76), the presence of these inflammatory cells can exacerbate
reperfusion injury by sequestering in the coronary microcirculation and
causing damage to the microvessels and underlying myocardium. The ability
of neutrophils in diabetic blood to adhere to vascular endothelial cells and
initiate an inflammatory response remains controversial.

The following

discussion will focus on two neutrophil characteristics that are important in
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mediating ischemia-reperfiision injury, specifically neutrophil adhesion and
generation of reactive oxygen species.

Previous studies examined leukocyte adherence to nylon-fiber columns and
found that leukocytes isolated fi*om diabetic blood demonstrated impaired
adherence compared to leukocytes fi*om non-diabetic subjects (127,128). The
defective adhesion to this artificial surface was found to be related to
hyperglycemia since lowering blood glucose improved leukocyte adhesion
(128). Adherence of neutrophils isolated fi'om diabetics also demonstrated
decreased adherence to cultured endothelial cells, a finding that was not
correlated with long-term glycemic control (129).

However, increased

adhesion was observed when diabetic neutrophils were incubated with
plasma from diabetics, suggesting that factor(s) within diabetic plasma may
promote neutrophil-endothehal cell interactions (129).

Reports in the hterature are mixed regarding neutrophil oxygen-firee radical
generation in diabetes.

Shah et al. examined superoxide production in

resting and stimulated PMNs fi-om diabetic subjects.

They foimd that

oxjrradical production was decreased in PMNs isolated fi'om diabetic subjects.
Furthermore, superoxide production in response to exogenous stimulation
was decreased in PMNs firom diabetic subjects (130). Other investigators

50

have also observed a decrease in oxygen-free radical production in both
animal models of diabetes and diabetic patients (131-133).

Conversely,

several studies have reported that neutrophil oxygen free radical production
is increased in diabetics compared to non-diabetics. Freedman and Hatchell
reported that superoxide radical production in a cat model of type 1 diabetes
was enhanced compared to control animals (134). Findings in type II diabetic
patients also support the notion that oxygen free

radical production is

increased in PMNs from diabetics compared to non-diabetics (135). Thus, it
is unclear from

previous results if PMNs from

diabetic blood exhibit

increased or decreased potential to generate oxygen free radicals.

1.3 (2) Platelet Activation in Diabetes
Platelets are generated from megakaryocytes and contain a large number of
granules and no nucleus. Under basal conditions, platelets circulate in an
unactivated state. In response to vessel wall injury, alterations in blood flow,
or chemical stimuli, platelets become activated and undergo a triad of
functional responses; adhesion, secretion, and aggregation. A major function
of platelets is hemostasis, or the control of bleeding. Upon vessel wall injury,
platelets adhere to the matrix underlying the damaged endothelium and
release thromboxane A2 and ADP, which help to activate and recruit other
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platelets, and finally aggregate to form a platelet plug effectively sealing the
damaged vessel wall.

In addition to its role in hemostasis, platelets are also thought to be
important in mediating an immune response, either directly or through
modulating leukocyte activity. Although platelets have no nucleus, they do
possess many characteristics that are similar to PMNs.

For example,

platelets are capable of undergoing chemotaxis (136) and have the capacity to
release potent inflammatory mediators such as platelet factor 4 (PF-4) and
neutrophil activating peptide 2 (NAP-2) (137-140). PF-4 and NAP-2 are two
inflammatory mediators released specifically fi:om activated platelets and
have direct effects on neutrophils. PF-4 is thought to have a priming effect
on neutrophils (137,141) while NAP-2 was found to induce chemotaxis,
cytosolic firee calcium changes, and exocytosis in human neutrophils (138).
Direct platelet-neutrophil interactions also have stimulatory effects on
neutrophils. Interaction between platelet P-selectin and PMN siayl lewis X
(sLe*) is one mechanism by which platelets interact with PMNs (142).
Additionally, fibrinogen, when bound to platelet GPIIb/IIIa and CD11/CD18
on neutrophils, also mediates the interaction between platelets and
leukoc3rtes and appears to induce an oxidative burst in neutrophils resulting
in radical formation (143).

52

In diabetes, platelets are known to circulate in an activated state (144-147).
Chronic activation of platelets may be related to exposure to chronically
elevated blood glucose levels. El Khawand and colleagues observed that
enhanced platelet activation was more pronounced in diabetic patients with
elevated levels of HbAic (glycated hemoglobin, an indication of blood glucose
levels over the past three months) compared to patients with moderate HbAic
levels and non-diabetic control subjects (148).

One implication of elevated platelet activation in diabetes is the increased
risk for myocardial infarction and stroke due to an increased incidence of
intravascular thrombus formation.

Another possible consequence of

hyperactive diabetic platelets is an excessive inflammatory response during
reperfusion due to platelet stimulation of leukocytes. In the diabetic heart,
this could lead to additional injury causing diminished ventricular pump
function recovery following ischemia and may explain, in part, why diabetic
patients have a higher mortality rate associated with myocardial infarctions
compared to non-diabetics. In summary, the theoretical framework seen in
Figure 1.1 describes the interactions of the pathophysiological

mechanisms

that may contribute to cardiovascular morbidity and mortality in diabetic
subjects.

Figure 1.1 Factors Contributing to Cardiovascular Complications in Diabetes
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1.4 SIGNIFICANCE OF THE PRESENT STUDY
Diabetes is now recognized as a significant risk factor for cardiovascular
disease and is now the seventh leading cause of death in the United States.
Ischemic heart disease is the number one cause of morbidity and mortality in
the diabetic population. Restoration of blood flow to the ischemic heart is
essential for the survival of the myocardial tissue. However, reperfusion
following an ischemic event is thought to contribute to post-reperfusion
cardiac dysfunctions such as ventricular arrhythmias and depression of
myocardial contractile function.

This is known as ischemia-reperfusion

injury. Leukocytes are thought to contribute to reperfusion injury by initially
accumulating in the coronary microcirculation during reperfusion and
releasing damaging inflammatory factors such as proteases and oxygen free
radicals. Alterations in diabetic blood may contribute to leukocyte retention
in the heart through the expression of adhesion molecules that facilitate the
binding of leukocjrtes to the vessel wall. A possible consequence of enhanced
leukocyte accumulation in the reperfused heart is increased myocardial
ischemia-reperfusion injury. In an earlier report, McDonagh et al. perfused
non-diabetic and diabetic hearts with either non-diabetic or diabetic diluted
blood. The poorest recovery of ventricular function following ischemia and
reperfusion was observed when diabetic hearts were perfused with diabetic
blood. These findings suggest that interactions between diabetic blood and
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diabetic blood vessels in the heart may contribute to an excessive
inflammatory response and impair the recovery of the diabetic heart during
reperfusion following an ischemic episode. Within diabetic blood, there are
numerous factors that may exacerbate the inflammatory response during
reperfusion of the ischemic myocardium.

Some of these factors include

increased activity of neutrophils, platelets, and complement, as well as
altered c5^okine secretion profiles. If the component(s) within diabetic blood
that exacerbate reperfusion injury in the diabetic heart could be identified,
therapeutic interventions may be developed in order to limit the damage
during reperfusion and improve the recovery of the diabetic heart following
an ischemic episode.

1.5 SPECIFIC AIMS
Neutrophils are potential mediators of ischemia-reperfusion injury in the
diabetic heart.

However, it is not known if leukocyte sequestration is

enhanced in the diabetic heart during reperfusion following ischemia. If
leukocyte retention is enhanced during reperfusion, it is unclear fi-om
previous studies whether leukocytes, particularly neutrophils, in diabetic
blood are able to initiate a significant inflammatory response. Furthermore,
the role of hjrperactivated platelets in mediating neutrophil activation in
diabetic blood has not been investigated.

The following aims of this
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Dissertation investigated neutrophils and platelets in diabetic blood to
examine the potential of these blood cells to mediate an inflammatory
response following ischemia and reperfusion:
Aim #1. Determine the magnitude of leukocyte accumulation in the diabetic
heart following ischemia and reperfusion.
Aim #2. Determine if leukocyte activation is increased in type II diabetic
whole blood.
Aim #3. Determine if platelets contribute to neutrophil activation in diabetic
blood.
The findings firom

these experiments will help elucidate the mechanisms

contributing to the excessive ischemia-reperfusion injury in the type II
diabetic heart. Investigations into this area could potentially lead to the
development of therapeutics that may attenuate reperfusion injury in the
diabetic heart and reduce the excessive cardiovascular contributions to
morbidity and mortality in the diabetic population.
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CHAPTER 2. DIABETES ENHANCES LEUKOCYTE ACCUMULATION
IN

THE

CORONARY

MICROCIRCULATION

EARLY

IN

REPERFUSION FOLLOWING ISCHEMIA

2.1 ABSTRACT
For leukocytes to participate in ischemia-reperfusion injury in the heart they
must initially sequester in the coronary microcirculation. The aim of this
study was to determine, by direct observation, if early leukocyte deposition
was increased in the diabetic coronary microcirculation early in reperfusion
following

myocardial

ischemia.

In

this

study,

non-diabetic

and

streptozotocin-induced diabetic rat hearts, subjected to thirty minutes of
37°C, no-flow ischemia were initially reperfused with blood containing
labeled leukocytes. The deposition of fluorescent leukocj^es in coronary
capillaries and venules was directly visualized and recorded using intravital
fluorescence microscopy. In the first moments of reperfusion, there was a
significant trapping of leukocs^tes in coronary capillaries and leukocyte
adhesion to the walls of post-capillary venules in the non-diabetic hearts.
Both trapping and adhesion were significantly increased in the diabetic group
(P<0.05).

These direct observations indicate that, early in reperfusion

following ischemia, the initial deposition of leukocytes in the diabetic
coronary microcirculation is significantly increased in both the coronary
capillaries and venules. The significant increase in leukocyte retention may
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explain the enhanced leukocyte-mediated ventricular dysfunction known to
occur in the diabetic heart early in reperfusion following ischemia.

2.2. INTRODUCTION

Because of the prevalence of extensive atherosclerotic disease, diabetic
patients constitute an important segment of the population undergoing
coronary revascularization surgical procedures (149-151). Recent reports
indicate that patients with diabetes account for approximately 10-20% of
patients currently undergoing coronary artery bypass grafting (CABG) and
percutaneous transluminal coronary angioplasty (PTCA) procedures (150152).

In diabetic patients, treatment of ischemic heart disease using

revascularization interventions are associated with increased perioperative
and postoperative morbidity and mortality and a lower long-term survival
rate compared to non-diabetic patients (149,151,153). Although restoration
of normal blood flow is necessary for the preservation of cardiac function, it is
now apparent that reperfusion of the ischemic heart is associated with
cardiac arrhythmias and ventricular wall dysfunction (49,154).

This

phenomenon is known as ischemia-reperfusion injury. In diabetes, enhanced
ischemia-reperfusion injury in the heeirt may contribute to increased
morbidity and mortality associated with revascularization procedures (2).
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It is now known that myocardial ischemia-reperfusion injury involves early
and later phases, both involving a white blood cell-mediated inflammatory
response (71,155,156). The early phase occurs in the first

moments of

reperfusion and involves a rapid deposition of white blood cells, particularly
polymorphonuclear leukocytes (PMN) in the coronary microcirculation
(97,98). The severity of the early phase may influence the severity of the
later phase through an acute inflammatory response. If the inflammatory
response is enhanced in diabetes, this compUcation may contribute to the
excessive ischemic heart disease observed in the diabetic. There is evidence
from our laboratory that the early phase of reperfusion injury is enhanced in
diabetes. We recently reported that, compared to non-diabetics, the initial
recovery of the diabetic heart from ischemia was dramatically compromised
when diabetic hearts were perfused with diabetic blood (86). The poor
recovery of cardiac function in the diabetic heart following ischemia may be
due to enhanced leukocyte retention in the coronary microcirculation, setting
the stage for an excessive inflammatory response.

An early step in the leukocyte-mediated inflammatory response during
reperfusion following myocardial ischemia is leukocyte deposition and
accumulation in the coronary microcirculation. Once sequestered, leukocytes
contribute to reperfusion injury through the release of oxygen free radicals

60

and proteases resulting in damage to the heart (157,158). An enhanced or
amplified PMN-mediated response following ischemia would be expected if
diabetic PMNs: 1.) accumulate in the diabetic microcirculation in
significantly greater numbers, and/or 2.) are more "reactive" to stimuli than
non-diabetic PMNs.

In this study, we tested the hypothesis that leukocyte accumulation is
increased in the diabetic heart following ischemia. Using intravital
fluorescence microscopy, we observed that early in reperfusion leukocj^e
accumulation was greater in both the coronary capillaries and post-capillary
venules in the diabetic heart.

Lower shear rates due to increased post

capillary venular diameters may contribute to the observed increase in
leukocyte sequestration in the diabetic heart. These findings suggest that,
during

reperfusion,

leukoc3^e

deposition

in

the

diabetic

coronary

microvasculature following ischemia is excessive compared to non-diabetics.
These findings help explain the impaired recovery of cardiac pump function
observed earlier in diabetic hearts (86).
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2.3. MATERIALS AND METHODS

Animals

All animal procedures were approved by the Institutional Animal

Care and Use Committee and conform to the Guide for the Care and Use of
Laboratory Animals (NIH publication no. 85-23).

Male adult Sprague-

Dawley rats (body weight 400-500 g) were randomly separated into two
groups. Animals designated as diabetic (D) were given a single injection of
streptozotocin (STZ, 65 mg/kg body weight, i.p.; Sigma). Rats displaying
elevated blood glucose levels (determined by glucofilm glucose strips, Baxter)
were considered diabetic and used in the study.

Isolated Rat Heart Preparation. A modified Langendorff preparation was
used to perfuse the heart and visualize the coronary microcirculation (Fig. 1)
and has been described in detail previously (98,100). Non-diabetic (ND) and
diabetic (D) rats were anesthetized with pentobarbital sodium (50 mg/kg IP)
and then tracheotomized.

Each animal was respirated (Harvard, South

Natick, MA [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 around the right subclavian and
common carotid arteries and were tied, and a catheter (no. 20 Jelco) was
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inserted into the innominate artery. The catheter was advanced toward the
heart until the tip extended just into the aorta, and then secured. A small
hole was cut in the right atrium and the aortic ligature was quickly tied. The
heart was immediately arrested with 3 ml of a 40 mM potassium-modified
Krebs solution (4°C) followed by 3 ml of a 5 mM potassium-modified Krebs
solution (4°C). The arresting solution was infused at a maximum rate of 3
ml/min and at a pressure less than-80 mm Hg. The heart was then carefully
excised and immediately perfused via a modified Langendorff preparation
(98,100) (see Experimental Protocol).

Preparation of Coronary Perfusate. The coronary perfusate used in this
study was a modified Krebs-bicarbonate solution (NaCl 90 mM, KCl 40 mM,
CaCl2 2.5 mM, KH2PO4 1.2 mM, MgS047H20 1.2 mM, NaHCOa 25 mM,
glucose 5 mM, CaNaa EDTA 0.08 mM) that contained 2.0g per 100 ml bovine
serum albumin (firaction V, Sigma, St. Louis, MO) and washed human red
cells (American Red Cross, Tucson, AZ) to a hematocrit of 20% (71,159).
Blood cell concentrations in the K2RBC perfusate were determined by an
automated cell counter (Serono Diagnostics, System, Allentown, PA, Model
9018 CP). Typically, K2RBC contained roughly 1% of the normal whole blood
concentration of leukocytes and less than 1% of the normal concentration of
platelets. The perfusate was gassed with 95%02-5%C02. Perfusate pH was
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corrected by adding 8.4% sodium bicarbonate, and blood gases were
measured throughout the experiment with a blood gas analyzer (Radiometer,
ABL 330, Copenhagen, Denmark). This blood-cell-containing perfusate is
referred to as K2RBC.

Typical values obtained were pH = 7.37, p02 = 520

mm Hg, pC02 = 76 m Hg. Perfusion with the red blood cell perfusate plus
albumin maintains both a stable coronary vascular resistance and coronary
microvascular integrity better than Krebs solution alone (160-163).

Preparation of Labeled Diluted Whole Blood. The procedure for labeling the
leukocytes in diluted whole blood was initially described previously by
McDonagh and Rauzzino (92). Freshly drawn heparinized blood was obtained
by cardiac puncture from an etherized donor rat. The blood was centrifuged
(Baxter, McGaw Park, XL, Megafuge l.OR) in 10-ml s5T:inge barrels (BectonDickinson, Franklin Lakes, NJ) at 546 g for 15 min to separate platelet-rich
plasma from the white cell pellet and packed red blood cells. The red cell
fraction was 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) [0.01 mg AO, Sigma] per ml PBS
(phosphate buffered saline) and incubated at room temperature for 15 min.
This concentration of acridine orange does not affect white cell function
(92;164). The solution was then centrifuged at 546g for 15 min, and the
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solution containing the unbound AO was removed. The pellet was then
washed twice with a PBS/albumin solution (4°C) to further remove unbound
fluorochrome. The labeled cells were then recombined with the red blood
cells and platelet-containing plasma and then diluted 1:1 with modified
Krebs. This solution was referred to as labeled diluted whole blood (DWB*).
DWB* pH was adjusted with 8.4% sodium bicarbonate and then gently
gassed with 95%02-5% CO2. Cell counts were performed. Typical blood gases
and blood cell counts for this solution were pH 7.35-7.45, O2 saturation >
85%, Hct 20%, leukocyte concentration 3200/^l (ND) and 2200/|il (D), and
platelet concentration 3.79 X lO^/fjl (ND) and 3.10 X lO^/iil (D). DWB* was
warmed in a 37° C water bath (Precision, model 181) for 10 min prior to
perfusion.

Direct Visuahzation of the Coronary Microcirculation. The isolated heart was
oriented on the microscope stage with the free wall of the left ventricle facing
up. The middle cardiac 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 lamp and viewed with a fluorescence microscope
(Zeiss, MPS, San Leandro, CA).

The microscope image was viewed

continuously with a low-light-level silicon-intensified target video camera
(Hamamatsu, Hamamatsu City, Japan, C2400) which was displayed on a
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video monitor (Panasonic, WV5410). With the 32X objective, the microscope
field was 35 ^m X 270 )im, with a specimen to monitor magnification of 780X.
Images 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 venules (20-100 |xm in diameter) were selected at random and
videotaped for at least 30s. On video playback, the number of leukoc5rtes that
were in the plane of focus and which remained stationary in a capillary for at
least 30s were counted and expressed as leukocytes per capillary field (92:98).
Each capillary field

contained approximately 18-20 capillaries oriented

horizontally. 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
30s were counted and expressed as leukocjrtes per 100 |im venule (98;165167). This measure is representative of leukocyte adhesion to venules. By
focusing at the midpoint in the Z direction of the venule, the margins of the
venule are in best focus, allowing an accurate leukocyte adhesion count along
the vessel margins (98,100). The venular luminal diameter (d) was also
measured at the midpoint in the Z direction. Counting the adherent ceUs 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 increases.
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Measurement of Centerline Velocity in Venules and Calculation of Shear
Rate. Measurement of shear rate requires a measurement of microvascular
blood velocity and vessel diameter (165,168). The centerline velocity of WBCs
was measured using the labeled leukocs^tes as natural markers of blood flow
(169-172).

Centerline WBC velocities (VVVBC) closely approximate the

velocities of centerline red blood cells and platelets (170).

VWBC

was

determined in second or third branching order venules (40-80 fam diameter)
from the middle cardiac vein during the first seven minutes of reperfusion,
when blood containing labeled leukocytes was delivered to the heart. During
videoplayback, VWBC (|im/sec) was measured as the distance the leading edge
of a leukocyte traveled in one or more video frames.
30 frames/sec

VVVBC

was calculated as

x distance traveled (|am)/#frames. WBC velocities were

averaged and shear rate was subsequently calculated based on a laminar
flow profile as 8(VvvBc/d), where VWBC = centerline velocity/1.6 (165,167).

Other Physiological Measures. The coronary circulation was perfused at
constant flow (3 ml/min, ND and 2.25 ml/min, D) with a roller pump (Cole
Parmer, Niles, IL, Masterflex 7518-00) and confirmed periodically by a timed
collection of perfusate into a graduated cylinder. In order to correct for the
smaller hearts in age-matched diabetic animals, coronary flow was decreased
to 2.25 ml/min so that the blood flow per gram of heart weight for the ND and
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D groups was similar. Heart temperature was continuously monitored with a
pediatric probe and monitor (YSI, Yellow Springs, OH). DWB* was perfused
via a side port located just upstream of the heart at 3 ml/min (ND) or 2.25
ml/min (D) with a syringe pump (Harvard Apparatus, South Natick, MA,
Model 11) (Fig.2.1).

Rxpprimental Protocol. The isolated rat hearts were placed on a heated
Lucite stage, and covered with premoistened gauze and plastic wrap in
preparation for intravital fluorescence microscopy of the left ventricular
epicardial microcirculation. Hearts were perfused for 30 min at 36-37°C with
K2RBC.

After the 30 min pre-ischemic perfusion period, hearts were

subjected to 30 min of normothermic, global ischemia. After the ischemic
period, hearts were reperfused for 7 min with DWB* followed by K2RBC.
Non-diabetic hearts were reperfused with non-diabetic DWB* while diabetic
hearts were reperfused with diabetic DWB*. The total reperfusion period
was 35 min. During reperfusion, microvascular fields were videotaped at 5
min (R5), 20 min (R20), and 35 min (R35) to assess leukoc5rte trapping in the
coronary capillaries and leukocs^te adherence on the lumen of post-capillary
venules. This protocol was followed for both non-diabetic (n = 1 hearts) and
diabetic hearts (n = 10 hearts).
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Statistical Analysis.

Data were collected and tabulated on spreadsheets

(Microsoft Excel 7.0). All values were expressed as means ± standard error.
Comparisons between non-diabetic and diabetic groups were made using a
two-tailed independent T-test. Probabilities of 0.05 or less were considered
statistically significant.

2.4. RESULTS

Diabetic rats were tested approximately seven weeks following streptozotocin
injection. Diabetic blood glucose values seven weeks following STZ injection
were approximately five times greater than those values observed in the nondiabetic animals (90 ± 4 mg/dl (ND) versus 494 ± 5 mg/dl (D), p<0.05). Body
weights and heart weights were significantly lower in the diabetic group
compared to the non-diabetic control group (Table 2.1, P<0.05). Coronary flow
per gram heart weight was similar in both groups (Table 2.1). While total
white cell counts in diluted whole blood were reduced for the diabetics, the
difference was not statistically significant for non-diabetics and diabetics
(3212 ± 654 leukocytes/fil (ND) versus 2230 ± 391 leukocytes/jal (D)).
Although the differential counts indicated that the percentage of PMNs was
significantly greater in the diabetic group compared to the non-diabetic group
(27 ± 5 % (ND) versus 45 ± 5 % (D), p<0.05), the total nimiber of PMNs
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delivered to the heart was not statistically different between both groups
(Table 2.1).

Figure 2.2 shows representative microvascular video fields fi:om non-diabetic
and diabetic hearts following 5 min of reperfusion (R5). Capillary fields are
given on the left hand side while venule fields are given on the right hand
side. As previously demonstrated in our laboratory (98;121), few leukocytes
were retained in non-ischemic control hearts in either coronary capillaries (A)
or venules (B). Panels C and D illustrate leukocyte trapping in capillaries
and adhesion in venules at R5 in the non-diabetic group. Note the increase in
leukocyte accumulation in coronary capillaries due to ischemia/reperfusion
(A, non-ischemic control to C, ischemia/reperfusion). Leukocyte accumulation
in the diabetic post-ischemic heart is illustrated in panels E (capillary field)
and F (venule). Both capillary leukostasis and leukocyte adhesion to venules
were markedly enhanced in the diabetic coronary microcirculation compared
to non-diabetic controls.

Figiire 2.3 summarizes the results of leukocyte retention in the coronary
capillaries for both non-diabetic and diabetic hearts following 5, 20, and 35
min of reperfusion. Leukocj^e accumulation in capiUaries after 5 min of
reperfusion was significantly increased in the diabetic group compared to the
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non-diabetic group (5.3 ± 0.7 leukocjrtes per capillary field (ND) versus 8.6 ±
1.1 leukocytes per capillary field (D), p<0.05). However, this increase in
leukocyte retention following ischemia was not observed at 20 and 35 min of
reperfusion when the hearts were reperfused with K2RBC.

Figure 2.4 summarizes the leukocyte adhesion to second and third order post
capillary venules following ischemia in non-diabetic and diabetic hearts after
5, 20, and 35 min of reperfusion. In contrast to the non-diabetic group, we
observed a significant increase in leukocyte adhesion in diabetic post
capillary venules. After 5 min of reperfusion, adhesion doubled in the diabetic
group compared to the non-diabetic group (1.2 ± 0.2 leukocytes per 100 fim
venule (ND) versus 2.3 ± 0.3 leukocytes per 100 (im venule (D), p<0.05).
Leukocyte adhesion remained significantly elevated in the diabetic
microcirculation after 20 min of reperfiision compared to non-diabetics (0.3 ±
0.1 leukocytes per 100 |am venule (ND) versus 0.8 ±0.1 leukocytes per 100 ^m
venule (D), p<0.05) suggesting a more firm leukocyte adhesion. Adhesion
remained elevated at 35 min of reperfusion although this difference was not
statistically significant (0.3 ±0.1 leukocs^tes per 100 |im venule (ND) versus
0.6 ± 0.1 leukocytes per 100 |am venule (D), P = 0.1).

It is known that leukocyte adhesion is shear dependent (97). To determine if
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the significant increase in leukocjrte adhesion to diabetic venules was related
to reduced shearing forces, measurements of blood cell velocity and venular
diameter were made and shear rate calculated (8 V/D) (165,167). Figxu-e 2.5
shows the location of typical second and third order coronary venules in nondiabetic (A and C) and diabetic (B and D) hearts that were examined in this
study. The summary results are given in Table 2.1. We found that venular
blood flow velocity tended to be greater in the non-diabetic group (2574 ± 344
^m/sec (ND) versus 1884 ± 223 |im/sec (D)); however, this difference was not
statistically significant (P = 0.11). However, the diameter in diabetic post
capillary venules was significantly larger compared to venular diameter in
non-diabetic hearts (39 ± 2 fim (ND) versus 51 ± 2 fim (D), P<0.05). Because
shear is inversely related to vessel diameter, the calculated shear rate was
significantly less in the diabetic group compared to the non-diabetic group
(301 ± 28 sec"^ (ND) versus 181 ± 38 sec ^ (D), P<0.05).

2.5. DISCUSSION

While ~5% of the U.S. population have diabetes, they account for a
disproportionate

number

(-10-20%) of

patients

undergoing surgical

procedures for cardiovascular complications (150-152). Although the return
of blood flow to the ischemic heart is necessary, leukocjrte-mediated
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inflammatory events within the heart may cause additional damage to the
heart and diminish the overall benefit of blood flow restoration. An excessive
leukocyte-mediated ischemia-reperfusion injury may contribute to the greater
severity of cardiac comphcations in diabetes (2). In the diabetic population,
leukocyte-mediated reperfusion injury may be increased which may increase
both early and late comphcations associated with revascularization
procedures.

In an earUer report, we found that isolated hearts from streptozotocininduced diabetic rats perfused with diabetic blood exhibited significantly
diminished cardiac contractile function recovery following ischemia compared
to non-diabetics (86). A possible explanation for the poor recovery of cardiac
function during reperfusion in the diabetic group is that more leukocytes
somehow accumulated in the diabetic heart. An important step in leukocytemediated acute inflammatory response following myocardial ischemia is
leukocjrte deposition in the coronary microcirculation.

Once sequestered,

leukocytes, particularly PMNs, can contribute to reperfusion injury through
the release of oxygen fi*ee radicals and proteases resulting in damage to the
coronary microcirculation and myocardium (157,158). Furthermore, PMNs
firom streptozotocin-induced diabetic rats have been found by us and others to
produce a greater amount of reactive oxygen species compared to the non-
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diabetic group (86,134). In this study we hypothesized that early leukocyte
accumulation in the coronary microcirculation following ischemia is greater
in the diabetic heart. We tested this notion by directly visualizing leukocyte
accumulation in the diabetic coronary microcirculation early in reperfusion
following ischemia. We found significantly greater leukocyte trapping in
coronary capillaries as well as increased leukocyte adhesion to post-capillary
venules in diabetic hearts compared to non-diabetic hearts. A reduction in
shear rate in diabetic post-capillary venules due to increased venular
diameter may explain the observed increase leukocjrte in adhesion in the
diabetic heart.

Leukocyte Accumulation in Capillaries
In this study, diabetic hearts subjected to ischemia and reperfused with
diluted diabetic blood demonstrated significantly enhanced leukocyte
retention in the coronary capillaries compared to non-diabetic hearts
reperfused with non-diabetic blood. In other microcirculations, leukocyte
accumulation following ischemia is commonly observed in post-capiUary
venules, but not as commonly observed in capillaries (165,173,174).
However, the microcirculations of the heart and lungs may be different than
peripheral microcirculations in that leukocyte trapping in capillaries is
significant (97,98,121,175). Ritter et al. (98,121) observed that, in the non-
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diabetic heart, leukocj^e trapping in the coronary capillaries of the postischemic heart was a significant event. Although little is known about
leukoc5rte trapping in the coronary capillaries in the diabetic heart, other
investigators demonstrated an enhanced leukocyte capillary plugging in
other diabetic vasculatures. Schroder et al (176) observed a marked increase
in microvascular occlusion by monocytes in the retinal microvessels of
diabetics, suggesting a possible role of leukocj^es in diabetic retinopathy.
Additionally, increased leukocyte plugging in skeletal muscle capillaries of
streptozotocin-induced diabetic rats was observed by Harris et al. (177).
Using intravital microscopy, they observed a significant increase in
microvascular flow resistance due to increased capillary plugging by
leukocytes in the spinotrapezius muscle of diabetic rats compared to nondiabetic control animals. They also observed that leukocyte plug duration
was significantly greater in diabetics compared to non-diabetics (177).

Increased trapping of leukocytes in diabetic coronary capillaries during
reperfusion may be due to decreased leukocyte deformability. The diameter
of coronary and pulmonary capillaries (4.5 iim) are much smaller than the
average leukocjrte diameter (7-12 |Am). Thus, under normal conditions,
considerable leukoc3rte deformation must occur in order for leukocytes to
travel through the cardiopulmonary system (119,178).

Even a small
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reduction in leukocyte deformability would likely increase WBC retention in
capillaries. Several studies report that leukocyte deformability is reduced in
Type I diabetic animals (86,179-181). The observation of less deformable
leukocytes has also been extended to both type I and type II diabetic patients
(179-181).

In addition to reduced deformability, another factor that may have increased
leukocyte trapping was a reduction in coronary capillary diameter. In an
earlier study, we found that myocardial ischemia-reperfusion causes coronary
capillary compression, which would tend to impede leukocyte movement
(182). Furthermore, Manciet et al. recently reported that the cross sectional
area of capillaries in the diabetic heart are 21% smaller than the capillaries
of the non-diabetic heart (183). Thus, reduced leukocjrte deformabihty and
reduced capillary cross sectional area may combine to cause the significant
increase in capillary PMN trapping that we observed in the diabetic heart.
Further experiments are required to determine the relative importance of
these potential mechanisms to excessive leukocjrte retention in diabetic
coronary capillaries during early reperfusion.

In our study, the increase in leukoc5rtes sequestered in diabetic coronary
capillaries was not due to the significantly greater percentage of granulocytes

76

in diabetic blood compared to non-diabetic blood. Since granulocytes tend to
be larger and less deformable than lymphocytes (99,121,184), these factors
may have caused the significant increase in leukostasis in the diabetic
coronary capillaries. However, upon further examination, we determined
that the total number of PMNs delivered to non-diabetic and diabetic hearts
was not statistically different (Table 2.1).

The equivalency in the total

number of PMNs delivered was due to the greater total number of leukocytes
in the non-diabetic group. Thus, other factors must be involved in the
increased retention of leukocytes in the diabetic coronary microcirculation.

Leukocyte Accumulation in Venules
In addition to increased leukocyte trapping in capillaries, we also observed a
statistically significant increase in leukocyte adhesion to post-capillary
venules in the diabetic heart. In contrast to leukocyte trapping in coronary
capillaries, leukocyte adhesion to venules is due solely to leukocyteendothelial cell adhesion mechanisms. The increase in leukocyte adhesion
observed in diabetic venules following ischemia may be due, in part, to
increased expression of leukocyte-endothelial cell adhesion molecules. The
selectin family of adhesion molecules are thought to mediate the initial
leukocjrte rolling or tethering. Integrins, particularly CDllb/CD18, mediate
the firm adhesion of the leukocs^te to the endothelium (110,185). Increased
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CD lib/CD18 expression was observed on leukocytes from diabetic patients
(186). Increased PMN adhesion protein expression, reported in both in
animal and human diabetes, may contribute to the excessive leukocyte
adhesion to reperfused post-capillary venules in the diabetic heart.

Greater leukocjrte adhesion in diabetic venules may also be due to
dysfunctional diabetic endothelium. Evidence suggests that nitric oxide is
reduced in the endothelium of diabetic vessels (187).

In addition to the

effects of nitric oxide on vascular smooth muscle, Kubes et al. (188) found
that inhibition of nitric oxide production resulted in a 15-fold increase in
leukocyte adherence to cat mesenteric venules. Additionally, NO was also
reported to reduce leukocyte adhesion in an acute model of canine myocardial
ischemia and reperfusion (189). Thus, increased leukocyte adhesion protein
expression and diminished production of nitric oxide by diabetic endotheUum
may combine to enhance leukocyte adhesion in diabetic post-capillary
venules.

A third contributor to the increased adherence of leukocytes to diabetic
venules (see Fig. 2.2) is reduced venular shear rate. Leukocytes will adhere
to the walls of venules when the forces of cell-cell adhesion exceed the
shearing forces of detachment.

Conversely, reduced shear will decrease
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detachment forces, increasing adhesion.

Recently, Ritter and McDonagh

reported that leukocyte adhesion to post-capillary venules in the coronary
microcirculation was inversely related to shear rate (97). They also noted
that leukoc5^e adhesion did not significantly increase until shear rates were
reduced below 242 s ^. In our study, shear rate was significantly reduced in
diabetic venules (181 s-^ compared to the non-diabetic group (301 s-i) and
likely contributed to the significant increase in leukocyte adhesion in the
diabetic heart. Reduced shear has been observed in diabetic venules of other
microvascular beds. In the mesenteric microcirculation. Panes et al. reported
that reduced shear contributed to enhanced diabetic leukocyte adhesion to
venules of diabetic rats subjected to ischemia-reperfusion (101).

They

observed an increase in the number of leukocj^es rolling in post-capillary
venules and a decrease in leukocjiie rolling velocity in the mesentery of
diabetic rats during reperfusion following ischemia. They also measured
centerline red cell velocity and shear rate and found both factors to be
significantly lower in the diabetic group. In their study, because the ratio of
leukocyte rolling velocity to blood flow velocity was similar in both groups,
they attributed the changes in leukocyte rolling to a reduction in blood flow
observed in diabetic mesenteric venules.

In our study, we also observed a decrease in the mean centerline velocity in
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diabetic venules compared to non-diabetic venules, but this difference was
not statistically significant. Nonetheless, the shear rates were significantly
lower in diabetic coronary venules during reperfiision.

This was an

unexpected finding since the flow/g heart weight was similar between the two
groups (table 1). On closer examination, we noted that the shear rates were
decreased because the diameter of diabetic venules were larger than venule
diameters in the non-diabetic heart (301 ± 28 sec-i (ND) versus 181 ± 38 sec-^
(D), p<0.05). The physiological significance of increased venular diameter in
the diabetic heart is not clear at this time, but this change in the diabetic
microcirculation likely contributed to increased leukocyte adhesion by
decreasing the shear rate.

In conclusion, our direct observations indicate that, early in reperfusion
following ischemia, leukocyte trapping in diabetic coronary capillaries is
significantly increased. Furthermore, leukocyte adhesion to diabetic coronary
venules is significantly increased. These results suggest that, in the first
moments following ischemia, leukocjrte deposition, an early significant step in
inflammation, is excessive in the diabetic heart. The mechanisms causing
increases in both leukocyte trapping in capillaries as well as leukoc3^e
adhesion to post-capillary venules may involve alterations to both the blood
and the blood vessels in the diabetic microcirculation. Increased leukocyte
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accumulation in the diabetic heart coupled with enhanced diabetic PMN
oxygen free radical production may explain, in part, the poor recovery of
cardiac contractile function that we observed in diabetic hearts early in
reperfusion following ischemia (86).

TABLE 2.1 SUMMARY DATA FOR NON-DIABETIC AND DIABETIC ANIMAL GROUPS.
Animal
Group

Heart wt.
(g)

Fiow/g heart wt.
(ml/min/g)

Blood Velocity
(^m/s)

Shear Rate
(sec ')

PMN's Delivered
(cells/g heart wt.)

Non-diabetic
(n = 7)

1.48 ±0.06

2.0 ±0.1

2,574 ±343

302 ±28

14.7 ± 3.6 x lO'^

Diabetic
(n=10)

1.16 ±0.55

1.9 ±0.1

1,884 ±223

181 ±38

12.7± 1.7x10^

P

<0.05

NS

NS

<0.05

NS
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Figure 2.1. Isolated, blood perfused, arrested heart preparation used to assess
leukocyte accumulation in the coronary microcirculation during reperfusion
following ischemia. Timeline indicates the experimental protocol; duration of
preischemia (30 min), ischemia (30 min), and reperfusion (35 min). Velocity
measurements were recorded during the first five minutes of reperfusion (v).
Microscope images were videotaped at times indicated.
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Figure 2.2 Representative video images of capillary (left) and venule (right
fields showing leukocyte accumulation after 5 min of reperfusion (R5) i
non-diabetic and diabetic hearts.

Capillary (A) and venule (B) field fro

non-ischemic control hearts [#1204]. Middle panels are from ND group (
and D); bottom panels represent D group (E and F).
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EH

Non-Diabetic

I Diabetic

Figure 2.3. Leukocyte accumulation in coronary capillaries during 5, 20
and 35 minutes of reperfusion following ischemia. * P<0.05 compared t
non-diabetic group at the same time point of reperfusion.
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R5

R20

R35

Figvire 2.4. Leukocjrte adhesion to post-capillary venules during 5,
20, and 35 minutes of reperfusion following ischemia. * P<0.05
compared to non-diabetic group at the same time point of
reperfusion.
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Figure 2.5. A.) Low magnification view of a non-diabetic heart. Th
numbers indicate the order of venular branching from the middl
cardiac vein. A high magnification view of the circled area is depicted i
the lower panel. B.) Low magnification view of a diabetic heart. Th
numbers indicate the order of venular branching from the middl
cardiac vein. A high magnification view of the circled area is depicted i
the lower panel. C.) High magnification (780 X) of a second order venul
in a non-diabetic heart. Note the significantly smaller diameter of th
non-diabetic venule compared to the diabetic venule (Fig. 5D). D.) Hig
magnification (780 X) of a third order venule.
adhered leukocytes labeled with acridine orange.

The arrows indicat
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CHAPTER

3.

NEUTROPHIL

REACTIVE

OXYGEN SPECIES

GENERATION IN DIABETES IS A FUNCTION OF DISEASE
DURATION

3.1. ABSTRACT
Previous studies have reported conflicting results regarding the effect of
diabetes on blood leukoc5^e function. This discrepancy may be due to the
varying duration of diabetes in the animal models used in these studies. In
this study, we investigated leukocyte oxygen free radical generation from 1.)
Non-diabetic controls, 2.) Animals rendered diabetic by streptozotocin (STZ)
for 7-9 weeks, and 3.) 10-12 week STZ diabetic animals. Leukocyte oxygen
free radicals were measured using flow cytometry and the fluorescent probe
dichlorofluorescein diacetate. In the 10-12 week diabetic group, we observed
a significant increase (p<0.05) in unstimulated and stimulated leukocyte
oxygen radical generation compared to controls and animals rendered
diabetic for 7-9 weeks.

These results suggest that oxygen free

radical

production in diabetic leukocytes is influenced by the duration of the disease.
This may explain the discrepancy regarding the state of leukocyte activation
in diabetics and suggest that the duration of diabetes should be considered in
studies of the compUcations of diabetes regarding the immune system.
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3.2. INTRODUCTION

Diabetes mellitus is now considered a major risk factor for cardiovascvdar
disease along with smoking, hypertension, and hj^erlipidemia (2,3).
Epidemiologic studies have reported that diabetics are 2-4 times more likely
to develop coronary heart disease compared to age-matched non-diabetic
subjects (3,9).

Not surprisingly, myocardial infarctions and the mortality

rate associated with these cardiac events are increased in diabetic patients
compared to non-diabetics (7).

In addition, diabetics account for a

disproportional number of coronary artery bypass grafting (CABG)
procedures performed in the U.S. While diabetics account for ~5% of the U.S.
population, ~10-20% of all patients undergoing a CABG procedure have
diabetes (153,190,191).

The outcome of revascularization procedures in

diabetics is poor compared to non-diabetics, particularly diabetics undergoing
percutaneous transluminal angioplasty (PTCA) (150,151).

A factor that may contribute to increased cardiovascular morbidity and
mortality in diabetes is enhanced ischemia-reperfusion injury.

Previous

studies on ischemia-reper^sion injury in the diabetic heart have yielded
mixed results. Kusama et al. observed a decrease in reperfiision induced
arrhythmias in isolated diabetic rat hearts, compared to non-diabetic hearts.
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subjected to ischemia and reperfusion (79).

In addition, recovery of

ventricular function following ischemia and reperfusion was reportedly
increased in diabetic rat hearts compared to controls (78). In contrast, other
studies have reported an increase in ischemia-reperfusion injury in the
diabetic heart. Heijins and coUeagues subjected control and streptozotocininduced diabetic rat hearts to 45 min. of ischemia followed by 45 min. of
reperfusion. They found that during reperfusion, a significantly reduced
recovery of left ventricular developed pressure was observed in hearts
isolated fi:om diabetic rats compared to control rats (192). In a previous
study, we examined non-diabetic and diabetic rat hearts perfused with
diluted whole blood from either non-diabetic or diabetic rats and subjected to
ischemia and reperfusion.

We found that ventricular recovery was

diminished in both non-diabetic and diabetic hearts when diabetic blood,
compared to non-diabetic blood, was used as the perfusate. Furthermore, the
most significant decrease in cardiac function recovery was observed when
diabetic hearts were perfused with diabetic blood. In a subsequent study, we
used intravital fluorescence

microscopy to directly visualize leukocyte

retention in the coronary microcircvdation of non-diabetic and diabetic rat
hearts subjected to ischemia and reperfusion.

We found that leukocyte

retention was significantly increased early in reperfusion in both the
coronary capillaries and post-capillary venules in the diabetic heart compared
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to controls (193). Taken together, these results suggest that excessive bloodblood vessel interactions may occur in the diabetic heart under conditions of
ischemia and reperfusion (86).

Leukocytes, particularly polymorphonuclear (PMN) leukocytes, are thought
to

contribute

to

leukocyte-mediated

ischemia-reperfusion

injury

(93,95,103,154,194). Our previous findings of increased ischemia-reperfusion
injury in the diabetic heart perfused with diabetic blood and enhanced
leukocyte retention in the diabetic coronary microcirculation suggest that
PMN activation may be increased in diabetic blood. However, confUcting
findings regarding PMN function have been previously reported in diabetes.
Earlier reports have found a reduction in PMN oxygen-firee radical
production in both animal models of diabetes and diabetic patients (131-133).
Conversely, several studies have reported that neutrophil oxygen fi'ee radical
production is increased in diabetics compared to non-diabetics. Studies in
both type 1 (134) and type 2 (135) diabetics have reported increased PMN
oxygen fi-ee radical production. However, several investigations on PMN
function in diabetes were performed using PMNs isolated fi-om diabetic blood.
The process of leukocyte isolation per se may lead to spurious results due to
artificial activation of leukocytes (195). A more accurate assessment of PMN
function in diabetes may be gained by examination of PMNs in whole blood
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without the severe physical manipulations of blood that can result in altered
PMN function. In this study, we tested the hypothesis that PMN function is
enhanced in a model of type 1 diabetes. Furthermore, we tested the notion
that PMN function in diabetes is related to the duration of disease. Using
whole blood, we examined PMN CD lib and L-selectin adhesion molecule
expression and PMN ROS production in non-diabetic and streptozotocininduced diabetic rats.

We found that, compared to non-diabetics, PMN

CD lib and L-selectin surface expression was significantly increased in
diabetics. Additional increases in CD lib or L-selectin were not observed
with a longer duration of diabetes.

PMN ROS production was also

significantly enhanced in diabetic PMNs compared to controls. In contrast to
CD lib and L-selectin, a further increase in ROS production was observed in
rats with longer durations of diabetes. In addition, PMNs from diabetic blood
were capable of further stimulation with fMLP, a potent chemotactic peptide.
These results indicate that PMN activity, when examined in whole blood, is
increased in diabetes. Increased activation of PMNs may have contributed to
our earUer observations of increased leukocyte sequestration and the poor
recovery of cardiac function in the diabetic heart following ischemia and
reperfusion.
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3.3. MATERIALS AND METHODS

Antibodies and Probes.

LDS-751 and 2',7'-dichlorofluorescein diacetate

(DCFH-DA) were purchased from Molecular Probes (Eugene, OR); fluorescein
isothiocyanate (FITC)-conjugated anti-CD lib mAb and FITC-conjugated
anti-CD62L mAb were purchased from Pharmingen (San Diego, CA); f-MetLeu-Phe (fMLP) was purchased from Sigma Chemical Co. (St. Louis, MO).
Phosphate-buffered saline (PBS) was filtered using a 0.45 |am pore filter prior
to use in all experiments.

Animals. All animal procedures were approved by the Institutional Animal
Care and Use Committee and conform with the Guide for the Care and Use of
Laboratory Animals (NIH publication no. 85-23).

Male adult Sprague-

Dawley rats (body weight 400-500 g) were randomly separated into control
and diabetic groups. Animals designated as diabetic (D) were given a single
injection of streptozotocin (STZ, 65 mg/kg body weight, i.p.; Sigma). Rats
displasring diabetic characteristics (i.e. weight loss, polyuria, polydipsia) and
elevated blood glucose (>200mg/ml) were considered diabetic and used in the
study. Diabetic animals were examined once a week following the seventh
week post-STZ injection and divided into two subgroups for analysis: 1. 7-9
week diabetics (early diabetics) and 2. 10-12 week diabetics (late diabetics).
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Measurement of PMN CDlib, L-selectin, and Reactive Oxygen Species
Production.
gauge

Whole blood was obtained by cardiac puncture using an 18

needle

and

syringe

containing

heparin

(20U/ml,

Sigma)

Anticoagulated whole blood was then incubated with the fluorescent nuclear
probe LDS-751 (Ijag/ml). Labeling leukocsrtes with LDS-751 allowed for the
investigation of leukocyte characteristics in whole blood and thus avoid
leukocyte isolation procedures, which are known to cause artificial leukocyte
activation (195). This mixture of whole blood and LDS-751 was used for all
subsequent leukocyte experiments.

The whole blood/LDS mixture was

divided into 250|il aliquots in round bottom polypropylene tubes (Becton
Dickinson). GDI lb and L-selectin adhesion molecule measurements were
performed in separate sample tubes by incubating saturating concentrations
of FITC-conjugated anti-CDllb mAb or FITC-conjugated anti-L-Selectin
mAbs with the whole blood/LDS mixture.

ROS measurements were

performed using the oxygen radical probe DCFH-DA (80|aM). Samples were
protected from

light and incubated in a 37°C water bath (Precision

Instruments) for 15 min. To examine the leukocyte response to an exogenous
inflammatory stimulus, fMLP (10 '^, Sigma) was added to a subset of
samples affcer 15 min. to stimulate leukocjrte activation. The samples were
allowed to incubate for an additional 10 min. at 37°C. Following 25 min. of
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total incubation time, samples were diluted with 4 mis of ice-cold PBS, placed
on ice, and protected from light until data acquisition by flow cytometry.
PMN CD lib, L-selectin and ROS generation was measured using a FACScan
flow cytometer (Becton Dickinson, San Jose, CA). A 488-nm argon laser light
was used for excitation, and fluorescence emission was detected as forward
scatter (FSC), which is a measure of cell size, and side scatter (SSC), which is
a measure of cell granularity.

In addition, fluorescence intensity was

detected in channel 1 (FITC or DCF) and channel 3 (LDS-751). A threshold
fluorescence was set on the LDS-751 signal that allowed Ust-mode data
collection on leukocytes in whole blood without interference from
erythrocytes. FSC and SSC measurements were used to gate the granulocyte
population of white blood cells, allowing acquisition data to be analyzed for
this specific subpopulation of leukocytes.

Data were expressed as total

fluorescence intensity (TFI = mean channel of fluorescence x % of positive
events).

Other Blood Measurements. Blood glucose was measured using Glucofilm
Blood Glucose Strips (Baxter). Blood cell concentrations were determined by
an automated cell counter (Serono Diagnostics, System, Allentown, PA,
Model 9018 CP). Leukocyte differential counts were performed manually on
fixed and stained blood smears using light microscopy.
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Statistics. Data were collected and tabulated on spreadsheets (Microsoft
Excel 7.0). All values were expressed as mean ± standard error. All statistics
were calculated using SPSS Statistical software (version 6.1.3). Comparisons
among the groups were made using Analysis of Variance (ANOVA).

If

significant differences were observed, Scheffe's post hoc test was performed.
Probabilities of 0.05 or less were considered statistically significant.

3.4. RESULTS

Table 3.1 gives summary data for control and diabetic rats. Body weight was
significantly reduced in both diabetic groups compared to the control group
(P<0.05). Blood glucose was significantly elevated in both diabetic groups
compared to the control group (P<0.05). Total white blood cell counts were
decreased by approximately 44% while the percentage of granulocytes was
significantly increased in both diabetic groups compared to controls.

No

differences in leukocs^e counts or differential counts were observed between
the diabetic groups.

Figure 3.1 depicts representative flow cjrtometry dotplots and histograms
firom a control animal. Side scatter vs. forward scatter dotplots are given in
Figure 3.1A. The population of events demonstrating increased side scatter
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represent the granulocyte subpopulation of leukocytes. A gate is drawn
around the granulocyte population in order to specifically examine this
subset of leukocytes. Fluorescence intensity histograms are given in Figure
3.IB. A marker is drawn to indicate background fluorescence (Ml). Events
in the M2 region were considered positive for that specific measurement. To
account for changes in either the percentage of positive events or fluorescence
intensity, data for CD lib, L-selectin, and ROS measurements were expressed
as total fluorescence intensity (total fluorescence intensity, TFI = % positive
events x mean channel of fluorescence) (86,196).

Figure 3.2 represents summary data for PMN GDI lb surface expression.
There was a significant increase in CD lib expression in the early diabetic
group compared to controls (161.8 ± 15 (controls) vs. 275.5 ± 47.7 (early
diabetics) TFI, P<0.05). In the late diabetic group, CDllb expression was
decreased compared to the early diabetic (275.5 ± 47.7 (early diabetics) vs.
218.0 ± 18 (late diabetics) TFI, P =0.42), but remained significantly elevated
compared to control animals (161.8 ± 15 (controls) vs. 218.0 ± 18 (late
diabetics) TFI, P<0.05). All three groups exhibited significantly increased
CDllb expression in response to fMLP compared to unstimulated blood
(P<0.05). However, the percent increase in CDllb expression in response to
fMLP was attenuated in both diabetic groups compared to the control group
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(261 ± 30 (controls) vs. 207 ± 29 (early diabetics) vs. 213 ± 20 (late diabetics)
%, P =0.58).

Figure 3.3 represents summary data for PMN ROS production. There was a
significant increase in PMN ROS in the early diabetic group compared to the
control group (P<0.05). However, the increase in PMN ROS production was
significantly increased in the late diabetic group compared to both the early
diabetic group and the control group (18.2 ± 2.3 (controls) vs. 29.7 ± 5.7 (early
diabetics) vs. 76.3 ± 16 (late diabetics) TFI, P<0.05).

In contrast to

upregvilation of PMN CD lib expression following stimulation with fMLP, the
percent increase in ROS production tended to be greater in both diabetic
groups compared to the control group, although the difference was not
statistically significant (45.7 ± 19.2 (controls) vs. 82.2 ± 14.5 (early diabetics)
vs. 73.4 ± 12.4 (late diabetics) %, P =0.22),

Figure 3.4 represents summary data for PMN L-selectin surface expression.
There was a significant increase in PMN L-selectin expression in the early
diabetic group compared to the control group (151.3 ± 8.3 (controls) vs. 193.2
± 10.8 (early diabetics) TFI, P<0.05). The late diabetic group exhibited a
further significant increase in PMN L-selectin expression compared to
controls (151.3 ± 8.3 (controls) vs. 215.1 ± 23.6 (late diabetics) TFI, P<0.05);
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however, the increase was not significantly different compared to the early
diabetic group. The shedding of L-selectin in response to fMLP was similar
between the control group and the early diabetic group (-65.6 ± 7.8 (controls)
vs. -60.5 ± 5.4 (early diabetics) %). In the late diabetic group, L-selectin
shedding appeared to be attenuated in response to fMLP compared to the
control and early diabetic groups, although the difference was not significant.

3.5. DISCUSSION

Earlier reports of ischemia-reperfusion injury in diabetic heart have yielded
conflicting results. Several studies report that the diabetic heart is less
susceptible to ischemia and reperfusion (77-79) while others have observed
an increase in ischemia-reperfusion injury in the diabetic heart (86,197). We
recently reported that the recovery of ventricular function in diabetic hearts
following ischemia and reperfusion was severely reduced when perfused with
diabetic diluted whole blood compared to perfusion with non-diabetic diluted
whole blood (86). These finding suggest that components within diabetic
blood likely contributed to the poor recovery of ventricidar function in the
diabetic heart.

Since leukocjrtes, particularly PMNs, are thought to

contribute to ischemia-reperfusion injury, we tested the notion that PMNs
fi'om diabetic blood were activated compared to non-diabetic blood.
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Furthermore, we investigated if alterations in PMN function were a function
of the duration of diabetes. Our results indicate that PMN activation is
significantly increased in diabetic blood. CD lib and L-selectin adhesion
molecule expression were increased on diabetic PMNs compared to controls.
PMN ROS production was also significantly increased in PMNs from diabetic
blood compared to controls.

While the expression of CD lib and L-selectin

were not significantly altered between early and late diabetic groups, PMN
ROS production significantly increased in the late diabetics compared to the
early diabetics suggesting that PMN ROS production was influenced by the
duration of diabetes. Although PMNs from diabetic blood exhibited increased
activation under non-stimulating conditions, further PMN activation was
observed in response to fMLP. The CDllb and L-selectin response to fMLP
was slightly attenuated in PMNs from both early and late diabetic groups
compared to controls. Conversely, PMN ROS production in response to fMLP
appeared to be enhanced in both diabetic groups. These findings suggest that
PMN activation is enhanced in a model of type 1 diabetes. Increased CDllb
and L-selectin may contribute to greater PMN adhesion to post-capillary
venides in the diabetic heart following ischemia and reperfusion.
sequestered,

adhered

PMNs in diabetic blood

Once

may contribute

to

microvascular damage and ventricular dysfunction through the enhanced
production and release of reactive oxygen species. Furthermore, a longer
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duration of diabetes may increase the PMN contribution to ischemiareperfusion injury in diabetes via a further increase in ROS production.

Comments On The Model. In this study, we used the streptozotocin-induced
diabetic rat model to examine the effects of diabetes on PMN activity. This
model exhibits characteristics similar to those observed in uncontrolled type
1 diabetes including insulin deficiency, severe hjT)erglycemia, weight loss,
polydipsia, and polyuria (2). We assessed PMN function in whole blood using
the fluorescent nuclear marker, LDS-751, and thus avoided leukocj^e
isolation procedures that may affect leukocjrte activity.

Macey et al.

examined the effects of dextran sedimentation and density gradient
centrifugation, two commonly used leukocyte isolation procedures, on
granulocjrte CD lib and L-selectin expression. They reported a significant
increase in CD lib expression while L-selectin expression was significantly
decreased in isolated granulocytes compared to leukocytes measured in whole
blood (195). Thus, our findings of increased PMN activation in diabetic whole
blood may be a more accurate reflection of PMN activation state in diabetic
blood.

PMN CDlib and L-selectin Expression are Increased in Diabetes. In this
study, early diabetic rats exhibited a marked increase in both CD lib and L-
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selectin expression compared to control animals. A further increase was not
observed in the late diabetic group, but CD lib and L-selectin expression
remained elevated compared to controls. These results do not agree with
those of Rao et al. (198). In their study, they examined CD lib and L-selectin
expression on neutrophils from diabetic patients with severe retinopathy and
age-matched controls and found no difference in the level of CD lib or Lselectin expression between diabetics and controls (198). The divergence
between our findings and those of Rao et al. may be due to differential PMN
responses in human and rat diabetes.

A decrease in PMN release of

superoxide in response to PMA has been observed in rat PMNs compared to
human PMNs (199). Thus, it is possible that species differences also exist
with respect to the expression of adhesion molecules.

In addition, our

diabetic rats did not receive insulin treatment and were therefore
characteristic of uncontrolled diabetes. While the diabetic patients in the
Rao et al. study displayed severe retinopathy indicating a more severe form
of diabetes, many of the diabetics were currently using insulin, which may
have affected leukocyte function.

An unexpected finding in our study was the increase in PMN L-selectin
surface expression on PMNs from

diabetic blood.

Upon activation,

granuloc3rtes L-selectin expression is down-regulated through a process of
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shedding by proteolytic cleavage.

In this study, both CD lib and ROS

production were increased in diabetic PMNs indicating an overall increase in
PMN activation in diabetic blood. Thus, PMN activation would be expected
to cause L-selectin shedding in contrast to the up-regulation of L-selectin we
observed in diabetics. A possible explanation may be that a specific level of
stimulation must be encountered before L-selectin shedding can occur. Swain
et al. (200) exposed bovine neutrophils to increasing concentrations of PAF
and found that a low concentration of PAF (10 ' M) induced an up-regulation
of L-selectin expression while higher concentrations of PAF (lO-^ M) caused Lselectin shedding. The authors concluded that lower concentrations of PAF
promote neutrophil sensitivity and interaction by selective degranulation, upregulation of adhesion molecules, and increased actin polymerization while
higher PAF concentrations can promote, albeit weakly, more direct
bactericidal responses, such as the release of reactive oxygen species and
granule enzymes. In our study, perhaps the level of stimulation in diabetic
blood is such that L-selectin is up-regulated instead of shed firom the cell
surface.

PMN ROS Production is Increased in Diabetes. PMN ROS production was
increased in early diabetics compared to controls. A further marked increase
in PMN ROS production was observed in the late diabetic group compared to
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the early diabetic group. Several studies have reported conflicting results
regarding ROS production in PMNs from diabetics. In poorly controlled type
2 diabetic patients, Sato et al. observed a significant decrease in the
neutrophil ROS formation compared to non-diabetic controls (133). Shah et
al. observed no difference in unstimulated PMN ROS formation in type 1
diabetes. However, PMNs from diabetic patients had a markedly reduced
superoxide anion response to PMA stimulation suggesting that the PMN
response to exogenous stimuli may be impaired (130). Conversely, several
studies have found that PMN ROS production is increased in diabetes.
PMNs from tjrpe 1 diabetic patients exhibited a significant increase in resting
superoxide anion production by PMNs from diabetic patients compared to
controls (201). Freedman and Hatchell examined PMNs in diabetic and nondiabetic cats and observed a dramatic increase in stimidated PMN
superoxide anion production in the diabetic group (134). Our findings are in
agreement with the notion that PMN activity is increased in diabetes.
Particular attention should be given to the duration of diabetes when
examining PMN ROS formation since our findings

indicate that ROS

production is enhanced with increases in the duration of diabetes.

Implications of Increased PMN Activation in Diabetes in Myocardial Ischemia
and Reperfusion. In this study, both L-selectin and CD lib were increased on
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the surface of PMNs from diabetic rats. Since both adhesion molecules
contribute to leukocyte adhesion in post-capillary venules (202-204),
upregiilation of both L-selectin and CD lib on diabetic PMNs may have
contributed to the increased leukocyte adhesion we observed in diabetic post
capillary venules, compared to non-diabetic controls, foUowing ischemia and
reperfusion (193).

Once leukocytes are sequestered in the microcirculation, an inflammatory
response may occur resulting in damage to the microvessels and underlying
tissue due to the release of ROS and other harmful mediators from activated
PMNs (93). In this study, we also observed a dramatic increase in PMN ROS
production in diabetics compared to non-diabetics.

In addition, ROS

production appeared to increase with the duration of diabetes.

The

consequence of increased retention of diabetic leukocytes in the diabetic
microcirculation following ischemia and reperfusion coupled with enhanced
PMN ROS production may be a dramatic increase leukocyte-mediated
reperfusion injury and may contribute to the poor outcome of ischemic
cardiac events in diabetic patients.

Table 3.1 Body weight and hematology data for non-diabetic and diabetic animal groups.
Body wt. (g)

Blood Glucose (mg/dl)

WBC (xlO^/mm'^)

% Grans

% Lymphs

Non-diabetic
(n=7)

535 ± 7

113 ± 3

6.8 ± 0.6

15.1

84.9

7-9 week
diabetics
(n=10)

305 ± 15 *

452 ± 13 *

3.8 ± 0.5 *

35.7 *

64,3 *

10-12 week
diabetics
(n=12)

273 ± 10 *

433 ± 9 *

3.8 + 0.6*

32.4*

67.6*

* p<0.05 vs. Non-diabetic group
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Figure 3.1.

Representative FACScans for PMN CDllb expression. 3.1A

gives representative side scatter (SSC) vs. forward scatter (FSC) dotplots. A
gate is drawn around the granulocj^e population of cells based on SSC and
FSC characteristics. 3. IB gives representative fluorescence histograms of
events included in the PMN gate. Background fluorescence is given in the
negative control histogram and is designated by marker 1 (M2). Events that
were positive for CDllb exhibited a shift in fluorescence intensity into the
marker 2 region (M2).

A further increase in fluorescence intensity was

observed in response to fMLP. Data were expressed as the mean channel of
fluorescence x the % of positive events (% of events in M2 region).
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Summary results for PMN ROS production. Early
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Summary residts for PMN L-selectin surface

expression. Early diabetics = 7-9 week duration of diabetes; late
diabetics = 10-12 week duration of diabetes. * P<0.05 compared to
non-diabetic unstimulated L-selectin expression.

** P<0.05

compared to unstimulated L-selectin expression within the same
group.
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CHAPTER 4. INCREASED NEUTROPHIL ACTIVATION IN
PATIENTS WITH TYPE II DIABETES

4.1.

INTRODUCTION

Diabetes mellitus is often associated with an increased susceptibility to
infection (1), which brings into question whether or not diabetics are able to
initiate an immune response.

In the setting of myocardial ischemia-

reperfusion injury, an inflammatory reaction is initiated resulting in
retention of polymorphonuclear leukocytes (PMNs) in the coronary
microcirculation where they can mediate vascular and myocyte damage via
release of toxic factors such as reactive oxygen species (ROS) (93,-98). A
previous study by McDonagh et al examined the blood contribution to
ischemia-reperfusion injury in the diabetic heart. In their study, non-diabetic
or diabetic hearts were perfused with either non-diabetic or diabetic diluted
whole blood and subjected to global ischemia followed by reperfiision.
Recovery of ventricular function was depressed in both non-diabetic and
diabetic hearts were perfused with diabetic blood compared to non-diabetic
blood.

These results suggest that a component(s) in diabetic blood

contributed to poor ventricular function recovery during reperfusion (86).
PMNs in diabetic blood are potential sources of damaging inflammatory
mediators during reperfusion. However, in diabetes, it is unclear if resting
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PMN activity is depressed (131-133) or hjrperactive (134,135) and if diabetic
PMNs are able to respond to inflammatory stimuli.

In Chapter 3, PMN function was examined in a rat model of uncontrolled
t5T)e 1 diabetes. Findings using the streptozotocin-model of type 1 diabetes
suggest that PMN activity is increased in diabetic blood. Furthermore, it
appears that PMNs from diabetic blood are able to respond to inflammatory
stimuli (see Chapter 3). However, PMNs from rats may react differently to
the diabetic state compared to human PMNs. Furthermore, the activation
state of PMNs in a model of uncontrolled type 1 diabetes may be different
compared to type 2 diabetes. In this study, we tested the hs^pothesis that
PMN activation is increased in tjT)e 2 diabetic patients. PMN CD lib and
ROS production were examined in patients with type 2 diabetes in whole
blood using flow cytometry. We found that ROS production was significantly
increased in patients with ts^pe 2 diabetes compared to non-diabetics. There
was also a trend toward increased CD lib expression on PMNs from diabetic
subjects compared to controls. In addition, PMNs from diabetic subjects were
able to increase both CD lib and ROS production in response to inflammatory
stimuli. These results suggest that PMN activity, when measured in whole
blood, is increased in patients with type 2 diabetes. These findings are in
agreement with our previous findings in the rat model of type 1 diabetes.
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Hyperactivated PMNs in diabetic blood may contribute to the earlier findings
of McDonagh et al, which indicate that diabetic blood exacerbates ischemiareperfusion injury in the diabetic heart (86).

4.2. MATERIALS AND METHODS

Subjects.

Twenty-six type II diabetic and thirty-four age-matched non-

diabetic male cardiovascular patients were enrolled from the Cardiology
Chnic at the Veterans Administration Hospital (Tucson, AZ).

Informed

consent was obtained from each participating subject. The protocol was
approved by the University of Arizona Institutional Review Board. The
patient's characteristics are summarized in Table 4.1.

Antibodies and Probes.

LDS-751 and 2',7'-dichlorofluorescein diacetate

(DCFH-DA) were purchased from Molecular Probes (Eugene, OR); fluorescein
isothiocyanate (FITC)-conjugated hiunan anti-CD lib mAb were purchased
from Serotec (San Diego, CA); f-Met-Leu-Phe (fMLP) was purchased from
Sigma Chemical Co. (St. Louis, MO). Phosphate-buffered saline (PBS) was
filtered using a 0.45 fim pore filter prior to use in all experiments.
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Measurement of PMN CDlib Surface Expression.

Measurement of PMN

CD lib surface expression was performed as described in chapter 3 with
slight modification. Briefly, citrated whole blood was incubated with the
fluorescent nuclear probe LDS-751 (Ifag/ml). The whole blood/LDS mixture
was divided into 250|il aliquots in round bottom pol3T)ropylene tubes (Becton
Dickinson).

CDllb adhesion molecule measurements were performed in

separate sample tubes by incubating saturating concentrations of FITCconjugated anti-CDllb mAb with the whole blood/LDS mixture for 15
minutes at 37°C. At minute 15, blood samples were stimulated with either
£MLP [10-^M] or PAF [lO 'M] to examine the response of diabetic PMNs to
exogenous stimulation.

The samples were allowed to incubate for an

additional 10 minutes at 37°C. Following the incubation, all samples were
diluted with 4 mis of ice-cold PBS. Samples were kept on ice and protected
from light until acquisition by flow cytometry.

Measurement of PMN ROS Production. Subaliquots of whole blood/LDS
mixture were used to measure PMN ROS production as described previously
(86), Briefly, ROS production was measured in 250 ^l samples of whole
blood/LDS using the intracellular ROS probe 2',7'-dichlorofluorescein
diacetate (DCFH-DA, SO^M).

To examine the PMN response to an

inflammatory stimulus, a subset of samples were stimulated with either the
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chemotactic peptide, fMLP (10-^M), or platelet-activating factor (PAF, lO '^M).
All samples were incubated for an additional 10 min at 37°C. After 25 min.
total incubation time, 4 mis of ice-cold PBS were added to each sample.
Samples were then placed on ice and protected from
acquisition by flow cytometry.

light until data

PMN CD lib and ROS generation was

measured using a FACScan flow cytometer (Becton Dickinson, San Jose, CA)
as described in chapter 3. A 488-nm argon laser light was used for excitation,
and fluorescence emission was detected as forward scatter (FSC), which is a
measure of cell size, and side scatter (SSC), which is a measure of cell
granularity. In addition, fluorescence intensity was detected in channel 1
(FITC or DCF) and channel 3 (LDS-751). A threshold fluorescence was set on
the LDS-751 signal that allowed list-mode data collection on leukocytes in
whole blood without interference from

erythrocj^es.

FSC and SSC

measurements were used to gate the granulocyte popvdation of white blood
cells, allowing acquisition data to be analyzed for this specific subpopulation
of leukocytes. Data were expressed as total fluorescence intensity (TFI =
mean channel of fluorescence x % of positive events).

Other Physiological Measurements.

Leukocjrte counts were made with a

hematology analyzer (Serano Diagnostics System, Model 9018 CP, Allentown,
PA). Glycated hemoglobin (HbAlc) was determined using high performance
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liquid chromatography (Ale 2.2 Plus Automated Glycohemoglobin Analyzer,
Tosoh Medics Inc., San Francisco, CA).

Statistics. The summary results are represented as mean ± standard error.
Comparisons among the four groups were made using Analysis of Variance,
followed by Scheffes Post hoc test when significance was observed with
ANOVA (SPSS for Windows, Version 6.1.3). A P-value < 0.05 was considered
statistically significant.

4.3. RESULTS

Table 4.1 gives the summary characteristics for the subjects in this study.
All patients were male with a history of cardiovascular disease. The average
age was similar between the two groups. Diabetic patients exhibited a
significantly elevated glycated hemoglobin level (HbAlc, 5.9 ±0.1 (ND) vs.
7.9 ± 0.4 % (D), P<0.05). The average duration of diabetes was 16 years with
54% of diabetic patients on insulin therapy.

Leukocyte counts and the

percentage of granulocjrtes were similar between the two groups. The profile
of prescribed medications was also similar between non-diabetics and
diabetics.
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Figure 4.1 gives the summary data for PMN CD lib surface expression in
non-diabetic and tjrpe II diabetic patients.

There was a trend toward

increased resting and fMLP-stimulated PMN CD lib expression in diabetic
subjects compared to non-diabetics; however, the difference did not reach
significance.

However, CDllb expression in response to PAF was

significantly increased compared to non-diabetics (P<0.05).

Figure 4.2 gives the summary data for PMN ROS production in non-diabetic
and type II diabetic patients.

PMNs from diabetic patients exhibited a

significant increase in ROS production in the resting state and following
stimulation with either fMLP or PAF (P<0.05).

4.4. DISCUSSION

Diabetic patients are at increased risk for cardiovascular disease compared to
the non-diabetic population (3;7). As a result, diabetics are more likely to
encounter situations of myocardial ischemia and reperfusion (eg. myocardial
infarction, PTCA, CABG). Clinical experience suggests that diabetics do not
recover as well from these events compared to non-diabetics. A possible
contributor to the excessive morbidity and mortality may be enhanced
ischemia-reperfusion injury in the diabetic heart. An important component
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of the inflammatory reaction in reperfusion injury are PMNs (93). However,
it is unclear from previous studies whether or not diabetic PMNs are able to
contribute to the immune response. In this study, we tested the notion that
PMNs from type 2 diabetic subjects are activated compared to non-diabetic
PMNs by examining PMNs from both diabetic and non-diabetic subjects
using whole blood. We examined if PMNs in type 2 diabetic blood were
capable of stimulation by exogenous inflammatory stimuli. We found that
PMNs in diabetic blood exhibited significantly increased ROS production
compared to non-diabetic PMNs. Furthermore, diabetic PMNs responded to
stimulation by both fMLP and PAF. These finding suggest that diabetic
subjects may be more susceptible to myocardial ischemia-reperfusion injury
due to increased activation of circulating PMNs and may contribute to the
poor outcome of diabetic patients following situations of ischemia and
reperfusion.
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Table 4.1. Summary characteristics for non-diabetic and type II diabetic
patients.

Age (yrs)
HbAlc (%)
Duration of Diabetes (yrs)
Insulin therapy (%)
Hematology
WBC (#/^l)
Granulocj^es (%)
HjT)ertension (%)
Cigarette smoker (%)
Prior Myocardial Infarction (%)
PTCA (%)
CABG (%)
Medications
Aspirin/Ticlipodine (%)
ACE Inhibitors (%)
P-blockers (%)
Anti-oxidants (%)
NO Donors (%)

Non-Diabetics
(n=15)

T5T)e II Diabetics
(n = 14)

67.4 ± 1.7
5.9 ± 0.2
0
0

66.3 ± 1.8
7.9 ± 0.4 *
16.2 ± 4.2
54

5,965 ± 326
56.8 ± 2.1
73
20
82
32
50

6,236 ± 348
58.7 ± 0.9
84
18
81
34
46

55
47
47
11
38

50
31
65
9
35

* P<0.05 compared to non-diabetic group.
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CHAPTER 5. INCREASED PLATELET GPIIB-IIIA ACTIVATION IN
TYPE II DIABETIC PATIENTS IS ATTENUATED BY ASPIRIN

5.1. ABSTRACT
The occurrence of thrombotic ischemic events in the heart and brain is
greatly increased in diabetes. Increased platelet activation may contribute to
the pathogenesis of thrombosis and inflammation in these patients. Platelet
P-selectin and GPIIb-IIIa adhesion proteins are expressed on the surface of
activated platelets and mediate platelet-platelet and platelet-leukocyte
interactions.

In this study, we tested the hypothesis that P-selectin

expression and GPIIb-IIIa activation are chronically elevated in type II
diabetes. We also investigated if the effects of chronic aspirin usage modified
platelet adhesion protein expression. We found that platelet P-selectin (9.6 ±
2.4 (ND) vs. 22.4 ± 4.2 (D) TFI) and GPIIb-IIIa (32.7 ± 5.2 (ND) vs. 66.4 ± 11.4
(D) TFI) expression were both significantly increased in tjrpe II diabetic
compared to non-diabetic patients (P < 0.05). Aspirin usage did not effect
platelet

P-selectin expression in

either

diabetics

or

non-diabetics.

Furthermore, aspirin usage did not affect GPIIb-IIIa expression in nondiabetic subjects.

However, aspirin usage significantly attenuated the

increase in platelet GPIIb-IIIa expression in diabetic patient blood (66.4 ±
11.4 (D) vs. 35.9 ± 5.0 (D + ASA) TFI, P < 0.05). These findings indicate that
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platelet P-selectin and GPIIb-IIIa, markers of platelet activation, are
significantly increased in patients with type II diabetes and may explain the
hypercoagidability and increased incidence of thromboembolism in diabetes.
Additionally, the expression of P-selectin and GPIIb-IIIa activation may be
regulated through independent intracellular mechanisms. These findings
also suggest that aspirin administration alone may not completely attenuate
platelet activation in diabetic patients.

5.2. INTRODUCTION

Diabetes is associated with a significantly increased risk for thrombotic
events such as acute myocardial infarction, unstable angina, and stroke
(10,205,206). During a ten-year follow-up period, the incidence of myocardial
infarction and stroke was 3.2 and 4.2 times greater, respectively, in type II
diabetic patients compared to age-matched non-diabetic subjects (10).
Platelets are the central blood cell involved in thrombus formation and are
known to be hyperactive in diabetic patients (144-147). Excessive platelet
activation may lead to increased occurrences of thromboembolic events via
interactions with endothelium and enhanced platelet recruitment (207,208).
Increased platelet activation may also aggravate the inflammatory response
in diabetics through platelet-leukocjrte interactions (209).
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Blood cell-cell adhesion proteins play a significant role in mediating the
activity of platelets. P-selectin is a key adhesion molecule expressed by
platelets and endothelial cells upon activation (210,211). Under basal, nonstimulated conditions, P-selectin is stored in platelet a-granules with a low
level of surface expression (211,212). Following exposure to platelet agonists,
such as platelet-activating factor (FAF) or thrombin, P-selectin is rapidly
transported to the cell membrane surface increasing the potential for
interactions with other platelets, leukocytes, or endotheUal cells (212). The
GPIIb-IIIa receptor is tjT)ically expressed on the surface of unstimulated
platelets. However, GPIIb-IIIa is unable to bind to its Ugands (primarily
fibrinogen and von Willenbrand Factor) until activation of the receptor occurs
(213).

Upon activation, GPIIb-IIIa receptors undergo a conformational

change that allows for ligand binding and subsequently platelet aggregation
(213).

In patients at risk for thrombotic events, anti-platelet medications, such as
aspirin, are known to reduce the occurrence and/or the severity of ischemic
attacks (214,215). Aspirin inhibits platelet function through the irreversible
inactivation of cyclooxygenase, thereby attenuating the conversion of
arachadonic acid to thromboxane Az and limiting the ability of platelets to
aggregate (215).

Although the effects of aspirin on inhibiting platelet
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aggregation and increasing clotting time are well documented (216,217), the
effect of aspirin usage on platelet adhesion molecule expression in patients
with type II diabetes has not been investigated.

In this study, we tested the notion that platelet P-selectin expression and
GPIIb-IIIa activation were elevated in patients with type II diabetes.
Fiirthermore, we investigated if aspirin usage affects platelet adhesion
protein expression in diabetics.

We measured platelet expression of P-

selectin and GPIIb-IIIa in whole blood from non-diabetics and type II diabetic
patients who were and were not currently taking aspirin as prophylaxis for
thromboembolic events. Platelet adhesion protein expression was measured
in whole blood samples to bypass platelet separation techniques that are
known to cause artifactual platelet activation (218). Our results indicate that,
compared to non-diabetics, platelet surface expression of both P-selectin and
GPIIb-IIIa are significantly elevated in type II diabetic patients. Increased
platelet P-selectin expression and GPIIb-IIIa activation in diabetes may
contribute to the hypercoagulability often observed in diabetic blood.
Furthermore, aspirin usage attenuated the increase in GPIIb-IIIa activation,
but not P-selectin expression, in those diabetics who were taking aspirin.
The inhibitory effect of aspirin on the expression of GPIIb-IIIa, but not Pselectin, suggests that the surface expression of these two receptor types may
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be regvilated through different intracellular mechanisms and that aspirin
alone may not be sufficient to prevent platelet activation in tjrpe II diabetics.
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5.3. SUBJECTS AND MATERIALS
Subjects. Twenty-one type II diabetic and twenty age-matched non-diabetic
male subjects were enrolled from patients attending the Cardiology Clinic at
the Veterans Administration Hospital (Tucson, AZ). Informed consent was
obtained from each participating subject. The protocol was approved by the
University of Arizona Institutional Review Board. Type II diabetic and agematched non-diabetic patients were divided into four subgroups: Group I,
Non-Diabetics without aspirin treatment (n = 9); Group II, Non-Diabetics
with prescribed aspirin treatment (325 mg/day, n = 12); Group III, Type II
diabetics without aspirin treatment (n = 10); and Group IV, Type II diabetics
with prescribed aspirin treatment (325 mg/day, n = 10). Group II and IV
subjects were prescribed aspirin as prophylaxis for thrombotic events
common in patients with coronary artery disease. Patient characteristics are
summarized in Table 5.1.

Antibodies. All antibodies were purchased from Becton Dickinson (Franklin
Lakes, NJ).

Human anti-CD61 mAb conjugated to PerCP was used to

identify the platelet population in whole blood samples. Human anti-CD62P
conjugated to phycoerythrin and human anti-GPIIb-IIIa (PAC-1) conjugated
to FITC were used to measure P-selectin and GPIIb-IIIa platelet surface
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expression, respectively. All antibodies were used at a concentration of 20^1
undiluted Ab/lO® platelets.

Platelet labeling.

The protocol for platelet labeling in whole blood was

modified from Abrams et al. (219).

Whole blood was drawn from patients

into vacutainers with ACD (Becton Dickinson, Franklin Lakes, NJ). Platelets
were examined immediately after obtaining the blood to minimize any
artificial activation of platelets by prolonged stasis. For all measurements,
whole blood aliquots of 5 ^l were incubated in polystyrene round bottom
tubes (Falcon 2052, Becton Dickinson) and incubated with 20 (il of PerCPconjugated anti-CD61 mAb. For P-selectin measurements, 5|il samples were
incubated with 20|il of PE conjugated anti-CD62P mAb.

For GPIIb-IIIa

measurements, 5|al samples were incubated with 20|il of PAC-1. To examine
adhesion protein expression under conditions of platelet activation,
additional whole blood samples were stimulated with platelet-activating
factor (PAF). Whole blood (450 |il) was incubated with 50 |il of PAF (final
PAF concentration lO TM, Sigma) for two minutes. After two minutes of
incubation, 5 |al of activated whole blood was incubated with either PE-antiCD62P or PAC-1 as described above.

Blood samples were covered with

alimiinum foil and allowed to stand for 20 minutes at room temperature. All
samples were then fixed with 1ml of 1% paraformaldehyde (pH 7.4, Sigma),
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kept on ice, and protected from

light until data acquisition with flow

cytometry.

Flow Cytometric Analysis of GPIIb/IIIa and P-selectin. Measurements of
platelet surface expression of P-selectin and GPIIb/IIIa activation were made
using flow cytometry (Becton Dickinson FACScan Clinical Flow Cytometer,
San Jose, CA). A 488-nm argon laser Ught was used for excitation, with
fluorescence emission detected in FLl (FITC PAC-1), FL2 (PE Anti-CD62P),
and FL3 (PerCP Anti-GPIb). To distinguish platelets from leukocytes and
erythroc3^es, a threshold was set on FL3 to include only those events that
stained positive for PerCP anti-CD61. This technique allows for the analysis
of platelets in whole blood without interference from

leukocj^es or

erythrocytes, and thus avoids the need for platelet isolation procedures that
are known to cause platelet activation (218). The total number of platelets
acquired for each blood sample was 10,000 with data being stored in hst
mode. Data analysis was performed (Winmidi 2.7 Flow Cytometry Analysis
Software) to determine P-selectin surface expression and GPIIb-IIIa receptor
activation. Figxire 5.1 represents typical fluorescence histograms for platelet
GPIIb-IIIa measurements from a non-diabetic and a tjrpe II diabetic subject.
Data were expressed as total fluorescence intensity (% positive events x mean
channel of fluorescence) (86,196).
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Other Physiological Measurements.

Platelet counts were made with a

hematology analyzer (Serano Diagnostics System, Model 9018 CP, AUentown,
PA). Glycated hemoglobin (HbAlc) was determined using high performance
liquid chromatography (Ale 2.2 Plus Automated Glycohemoglobin Analyzer,
Tosoh Medics Inc., San Francisco, CA).

Statistics. The summary results are represented as mean ± standard error.
Comparisons among the four groups were made using Analysis of Variance,
followed by Scheffes Post hoc test when significance was observed with
ANOVA (SPSS for Windows, Version 6.1.3). A P-value < 0.05 was considered
statistically significant.
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5.4. RESULTS
Patient characteristics.

Table 5.1 summarizes non-diabetic and type II

diabetic patient characteristics.

Patient age and body mass index were

similar among the four groups. HbAlc levels were significantly elevated in
both diabetic groups (Groups III and IV) compared to both non-diabetic
groups (P<0.05). Group IV diabetics had a significantly longer duration of
diabetes compared to Group III diabetics.
among the four groups.

Platelet counts were similar

The number of patients with prior myocardial

infarctions and the various classes of prescribed medications were similar
among the four groups.

Platelet P-selectin is increased in type II diabetes. Figure 5.2 summarizes the
results of the P-selectin measurements in non-diabetic and diabetic patients.
In the top panel are the results fi*om measurements performed on resting
platelets.

Low expression of P-selectin was detected on the surface of

unstimulated platelets firom non-diabetic subjects.

However, P-selectin

surface expression was significantly increased on resting platelets firom
diabetic subjects compared to non-diabetic subjects (P<0.05). Chronic aspirin
administration did not appear to attenuate the increase in P-selectin
expression in Group IV (Fig. 5.2A). In the bottom panel are the results firom
measurements performed on platelets stimulated with PAF (lO-^M). For all
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four groups, P-selectin levels increased significantly in response to PAF.
Furthermore, although diabetic platelets were chronically activated, they
were capable of further stimulation with PAF. The expression of P-selectin
was significantly elevated in both diabetic groups compared to the nondiabetic groups (P < 0.05, Fig. 5.2B). Aspirin did not attenuate the increase
in P-selectin expression following PAF stimulation.

Increased GPIlb-IIIa receptor activation in type II diabetes is attenuated by
aspirin.

The results of the GPIIb-IIIa measurements are summarized in

figure 5.3. In the top panel are the results firom measurements performed on
resting platelets. GPIIb-IIIa receptor activation was significantly elevated on
resting platelets fi-om the diabetics who were not taking aspirin (Group IV)
compared to all other groups (P<0.05). For those diabetics taking aspirin,
GPIIb-IIIa activation was attenuated and was not different the non-diabetics
(Fig. 5.3A).

In the bottom panel are the results firom measurements

performed on platelets stimulated with PAF (10-^M). For all groups, PAF
stimulation caused a significant increase in GPIIb-IIIa activation compared
to unstimulated levels; however, the PAF response was somewhat attenuated
in Group IV diabetics (Fig. 5.3B).
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5.5. DISCUSSION
Patients with type II diabetes are at increased risk for ischemic events
associated with increased thrombus formation (10,205,206).

Excessive

platelet activation in diabetes (144-147) may contribute to the pathogenesis
of thrombosis-induced ischemic events (10,205,206). Although the effects of
aspirin treatment on functional measures of diabetic platelet activation have
been reported, it is not known if aspirin affects the expression of adhesion
proteins on platelets from patients with type II diabetes. In an effort to
improve our understanding of platelet activation in diabetes, we tested the
hypothesis that P-selectin expression and GPIIb-IIIa activation were
chronically elevated in type II diabetes. We also stratified non-diabetic and
diabetic patients, based on whether or not aspirin was prescribed, to
investigate if aspirin usage attenuates platelet P-selectin expression and
GPIIb-IIIa receptor activation in diabetic patients. To our knowledge, this is
the first report of the effect of aspirin usage on platelet P-selectin and GPIIbIIIa in patients with type II diabetes using whole blood measurements. We
found that platelet surface expression of P-selectin and activation of GPIIbIIIa receptor were both significantly elevated in tjrpe II diabetic patients who
were not currently taking aspirin. Aspirin usage did not affect platelet Pselectin expression in either non-diabetic or diabetic groups. However, we
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observed a significant decrease in platelet GPIIb-IIIa activation in diabetic
patients taking aspirin.

Comments on the Experimental Design
Previous studies have examined platelet adhesion protein expression in
diabetes using isolated platelet protocols (144,220).

Platelet isolation

procedures can result in spontaneous platelet activation in the absence of
exogenous stimulation (218).

In this study, we performed our platelet

measurements using whole blood from non-diabetic and diabetic patients
using flow cytometry. This protocol eliminates the need for platelet isolation
and thus avoids any unnecessary manipulation of blood platelets.
Furthermore, investigation of platelets in whole blood may reflect the in vivo
situation more closely than isolated platelets due to the presence of factors
that can affect platelet function (i.e. leukocytes and/or complement proteins).

In this study, we examined platelets from non-diabetic and ts^pe II diabetic
patients, all of whom have some degree of cardiovascular pathology (table 1).
In earher experiments, we examined platelet P-selectin expression in healthy
volunteer subjects (n = 6) and found that P-selectin expression was reduced
compared to both non-diabetic and type II diabetic patients (5.4 ± 0.3 (healthy
subjects), 9.6 ± 2.4 (ND), 22.4 ± 4.2 (D) TFI). Thus, increased platelet P-
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selectin expression in type II diabetic patients may be particularly
exaggerated when compared to non-patient control subjects.

We also

measured platelet GPIIb-IIIa activation in healthy volunteer subjects (n = 6)
and found that activated GPIIb-IIIa levels were similar among non-patient
controls, non-diabetic patients, and type II diabetic patients currently taking
aspirin, but markedly reduced compared to diabetic patients without aspirin
administration (36.0 ± 3.9 (healthy subjects), 32.7 ± 5.2 (ND), 35.9 ± 5.0 (D +
ASA), 66.4 ± 11.4 (D) TFI).

Platelet P-selectin and GPIIb-IIIa in Thrombosis
In this study, platelet P-selectin expression was significantly increased in the
diabetic group, regardless of aspirin usage (Fig. 5.2). Increased P-selectin
expression was previously reported on platelets isolated firom type I diabetic
patients (144,220) and may contribute to coagulopathies often observed in
both type I and type II diabetic patients. Celi et al. reported that adhesion of
CHO cells transfected with P-selectin induced monocyte tissue factor
expression whereas untransfected cells or CHO cells transfected with Eselectin had no effect (221). Excessive platelet-monocjrte interactions via Pselectin may increase monocyte production of tissue factor and initiate
unwarranted spontaneous thrombus formation in patients with diabetes.
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The activated GPIIb-IIIa receptor mediates the formation of platelet-platelet
aggregates through the binding of fibrinogen (222). The receptor is present
on the surface of resting platelets; however, the receptor is not functional
until platelet activation occurs leading to a conformational change in GPIIbIIIa receptor and exposure of the functional binding site (213). In this study,
we observed an increase in the activation of GPIIb-IIIa in those diabetic
patients who were not taking aspirin (Fig. 5.3). This finding is in agreement
with a previous study by Tschoepe et al. using isolated platelets fi:om type I
and type II diabetic subjects (220).

Increased activation of the platelet

GPIIb-IIIa receptor in combination with increased fibrinogen levels (223,224)
in diabetic blood may contribute to excessive platelet aggregation and
thrombus formation which can ultimately lead to increased occurrences of
thromboembolic events in diabetic patients (10,205,206). In this study, we
observed a decrease in platelet GPIIb-IIIa activation in diabetic patients
currently taking aspirin (Fig. 5.3A). Although aspirin did not affect platelet
P-selectin expression, these data suggest that aspirin may attenuate
thrombosis formation in diabetics by attenuating platelet GPIIb-IIIa receptor
activation.
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Platelet P-selectin and GPIIb-IIIa in Inflammation
In addition to promoting the coagulation cascade, activated platelets can
promote the inflammatory response by interacting with leukocytes,
particularly monocytes and neutrophils. The physical interactions between
platelets and monocytes or neutrophils is mediated by platelet P-selectin and
its counter receptor PSGL-1 (142,225). A potential consequence of increased
platelet P-selectin expression in diabetics (Fig. 5.2) is the increased formation
of platelet-leukocyte conjugates leading to the activation of inflammatory
blood cells. Platelet-leukocyte adhesion may also serve to recruit neutrophils
and monocytes to sites of vascular damage and thus promote the
inflammatory response (207-209).

In the setting of ischemia-reperfusion

injury, we recently reported that diabetic blood, compared to non-diabetic
blood, contributes to increased reperfusion injury in the diabetic heart (86).
Hyperactivated diabetic platelets may contribute to the amplified reperfusion
injury by adhering to exposed vascular subendothelial matrix and promoting
excessive recruitment of potentially damaging neutrophils during reperfusion
of the coronary vasculature.

Increased GPIIb-IIIa receptor activation in diabetes (Fig. 5.3) may also
contribute to promoting the inflammatory cascade via interaction with
leukocytes. The formation of platelet-neutrophil conjugates can be mediated
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by platelet GPIIb-IIIa-fibrinogen-CDll/CDlS bridge. Ruf et al. reported that
cell-cell conjugate formation between platelets and neutrophils via this
adhesion molecule bridge can initiate neutrophil activation, as determined by
increased neutrophil oxygen free radical production (143). Increased free
radical production is thought to contribute to endothelial cell dysfunction in
the diabetic condition (39,226). Increased platelet activation may not only
promote the recruitment of inflammatory cells to the site of vascular injury
(via platelet P-selectin), but may also initiate leukocyte activation (via
platelet GPIIb-IIIa), particularly the production of damaging oxygen free
radicals that can contribute to the oxidative stress that often accompanies
the diabetic state (39,226,227).

Potential Causes of Platelet Activation and Thrombosis in Diabetes
This study found that platelet P-selectin expression and GPIIb-IIIa activation
were markedly increased in diabetic blood. However, the exact mechanisms
involved in chronic platelet activation and thrombosis in diabetes is unclear.
Increased platelet activation in diabetes may be due, in part, to diabetic
endothelial cell dysfunction. Prostacyclin (PGI2) is produced by endothelial
cells and fimctions as a potent platelet inhibitor as well as a vasodilator
(228,*229). Diminished PGI2 production and release is known to occur in
diabetic endotheUal cells (230) and endothelial cells exposed to diabetic sera
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(231). In addition to PGI2, platelet function is also inhibited by nitric oxide
(NO) (232). Both NO production and release is reduced in the diabetic state
(233). The decreased release of platelet inhibitors from vascular endotheUal
cells may contribute to excessive platelet activation and thrombosis
activation in type II diabetic patients.

Effects of Aspirin on Platelet P-selectin Expression
In this study, we: 1.) determined the relationship between diabetes and
specific markers of platelet activation and 2.) examined the effects of chronic
aspirin prophylaxis on markers of platelet activation in both non-diabetic and
type II diabetic patients. Our results indicate that the chronic increase in
platelet P-selectin expression in diabetic patients was not attenuated by
aspirin usage (Fig. 5.2A) and did not diminish the upregulation of platelet Pselectin in both non-diabetics and diabetics following platelet stimulation
with PAF (Fig. 5.2B).

The results in ts^pe II diabetic patients are in

agreement with previous findings in non-diabetic subjects that aspirin does
not affect the expression of platelet P-selectin suggesting that the P-selectin
response to aspirin is similar in non-diabetic and diabetics (234,235). Kinder
et al. examined P-selectin expression on ADP stimulated platelets following
aspirin treatment and found that aspirin administration did not attenuate
platelet

activation

and

P-selectin

upregulation

(234).

Similarly,
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Pernerstorfer et al. reported that two weeks administration of aspirin did not
reduce P-selectin expression on platelets from smokers, a population also
associated with elevated platelet activation (235). Conversely, the GUSTOIII Platelet Study examined platelets from patients presenting with acute
myocardial infarction who were using aspirin. They found that patients who
were taking aspirin exhibited significantly lower baseline platelet P-selectin
expression compared to patients who were not taking aspirin (236).

A

possible explanation for the alternative findings in the GUSTO-III Platelet
Study may be due to difierences in the patient population examined.

The intracellular mechanisms involved in the upregulation of P-selectin
following platelet activation are not fully understood. Aspirin is an anti
platelet drug that inhibits platelet function through an irreversible inhibition
of the cyclooxygenase enzyme (215). Inactivation of cyclooxygenase results in
a significant reduction in the production of thromboxane A2 (TXA2), a potent
platelet agonist. In this study, aspirin had no effect on P-selectin expression
in resting platelets or the upregulation of P-selectin following PAF
stimulation in both non-diabetics and diabetics. These data suggest that agranule translocation to the cell membrane surface and subsequent
incorporation of P-selectin onto the platelet

membrane can occxir

independently of cyclooxygenase activity and arachidonic acid metabolism.
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This may be particularly important in the setting of whole blood in diabetic
subjects where other platelet-stimulatory factors such as leukocyte-derived
molecules and complement

proteins

may be

present in suf&cient

concentrations to produce net platelet activation even in the absence of TXA2
production due to aspirin usage.

Effect of Aspirin on Platelet GPII-IIIa Activation
Our results in the non-diabetics concur with previous reports that aspirin
does not significantly affect baseline or stimulated GPIIb-IIIa expression.
However, in diabetic patients, aspirin did significantly attenuate the elevated
baseline GPIIb-IIIa receptor expression in diabetic patients (Fig. 5.3A).
Furthermore, aspirin appeared to reduce the upregulation of GPIIb-IIIa
expression following stimulation with PAF. Aspirin has previously been
reported to have no effect on GPIIb-IIIa receptor expression following platelet
stimulation. Taylor et al. found that aspirin failed to inhibit platelet GPIIbIIIa expression in response to thrombin stimulation (237). A similar finding
was reported in the GUSTO-III study, i.e. aspirin administration did not
affect platelet GPIIb-IIIa expression (236).

Although aspirin does not appear to affect the activation of GPIIb-IIIa
receptors in non-diabetics (236,237), we found that aspirin treatment
significantly attenuated GPIIb-IIIa expression in type II diabetic patients.
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This finding suggests that the regulation of the platelet GPIIb-IIIa receptor
in type II diabetic patients, compared to non-diabetics, may be particularly
sensitive to cyclooxygenase inhibition. Increased TXA2 production is known
to occur in the diabetic condition (238,239).

TXA2 can stimulate

phospholipase A2 activity resulting in the subsequent activation of protein
kinase C, an important enzyme in the intracellular signaling cascade leading
up to the activation of GPIIb-IIIa receptors (211). Blockade of cyclooxygenase
by aspirin diminishes TXA2 production and therefore may attenuate the
increased activation of GPIIb-IIIa receptors on platelets from type II diabetic
patients.

The finding

that aspirin attenuated the elevated GPIIb-IIIa

upregulation, but not P-selectin expression, suggests that aspirin alone may
not be sufficient to prevent thrombus formation or platelet-leukocyte
interactions in type II diabetics.

Table 5.1. Type II Diabetic and Age-Matched Non-Diabetic Patient Characteristics.

Non-Diabetics
Without Aspirin
(Group I, n = 9)

Non-Diabetics
Plus Aspirin
(Group II, n = 12)

Type II Diabetics
Without Aspirin
(Group 111, n = 10)

Type II Diabetics
Plus Aspirin
(Group IV, n = 10)

Age

67.9 ± 3.6

66.8 ± 3.7

66.2 ±3.1

68.0 ±3.9

Body Mass Index (kg/m^)

27.7 ± 1.8

28.3 ± 1.8

30.9 ±2.1

28.4 ± 1.8

HbAlc(%)

6.5 ± 0.4

5.9 ± 0.2

8.5 ± 0.5 *

8.3 ± 0.4 *

Duration of Diabetes (yrs)

N/A

N/A

10.2 ± 3.8

30.6 ± 7.8 **

Platelet Counts(x lO^/ul)

174 ±9

172 ± 12

175 ±7

173+12

N/A

N/A

4

1

Hypertension (n)

2

6

5

6

Current Smoker(n)

1

2

2

1

Hypercholesterolemia (n)

3

6

5

6

Myocardial Infarction

8

11

10

Stroke

0

1

8
0

Anticoagulants

3

2

1

2

Hypoglycemic Agents

0

0

2

3

Nitrates

6

7

4

5

Ca^^ Channel Blockers
Beta-Blockers

2

5

3

4

6

10

7

9

Characteristic

Insulin Treatment (n)

Prior Cardiovascular Events (n):

1

Medications (n);

* P < O.OS compared to Groups I and II. ** P < O.OS compared to Group III. Hypertension was deflned as resting blood pressure > 140/90.
Hypercholesterolemia was defmed as total cholesterol > 200 mg/dl.
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Figure 5.1 Representative histograms of PAC-1 fluorescence (GPIIb-Ilia) from a
non-diabetic (1A-1C) and type II diabetic subject (1D-1F) with and without
prescribed aspirin. A.) Platelets from a non-diabetic subject labeled with PerCP
conjugated anti-CD61 in the absence of PAC-1. Background platelet fluorescence
detected in channel 1 is depicted within the marker 1 region (M1). B.) Non-diabetic
patient without prescribed aspirin.

Upon addition of PAC-1, platelets that were

positive for PAC-1 exhibit increased FITC fluorescence resulting in a rightward
shift into the marker 2 region (M2).

C.)

Non-diabetic subject with prescribed

aspirin. There was no shift in the % positive events or mean channel of fluorescence
of PAC-1 positive platelets with aspirin usage.

D.)

Background fluorescence in

platelets from a type II diabetic patient was similar to non-diabetics.
diabetic subject without prescribed aspirin.

E.) Type II

There was a dramatic increase was

observed in both the %positive events and mean channel of fluorescence indicating
an increase in GPIIb-IIIa activation. F.) Type II diabetic patient with prescribed
asp1nn.

PAC-1 binding appeared to decrease to levels similar to non-diabetic

subjects (1B and 1C). Data were expressed as total fluorescence intensity (TFI
positive events (M2) x the mean channel of fluorescence).

=%
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Group I
(ND)

Group II
Group III Group IV
(ND-t-ASA)
(D)
(D + ASA)

Figure 5.2 Platelet P-selectin expression from non-diabetic and type I
diabetic subjects. Group I: Non-diabetics without prescribed aspirin, Grou
II: Non-diabetics with prescribed aspirin, Group III: Diabetics withou
prescribed aspirin, Group IV: Diabetics with prescribed aspirin. A.
Unstimulated platelet P-selectin expression was significantly increased i
both diabetic groups compared to non-diabetic subjects. B.) PAF [10'^
stimulated platelet P-selectin expression was significantly increased in bot
diabetic groups compared to non-diabetic subjects. Aspirin did not appear t
attenuate the increased P-selectin expression in diabetic patients unde
resting or stimulated conditions. * P < 0.05 vs. unstimulated P-selecti
expression in Groups I and II. ** P < 0.05 vs. PAF-stimulated P-selecti
expression in Groups I and II.
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Group I
(ND)

Group 11
Group III Group IV
(ND-t-ASA)
(D)
(D-KASA)

Figure 5.3 Platelet GPIIb-IIIa receptor activation from non-diabetic and type
II diabetic subjects. Group I: Non-diabetics without prescribed aspirin,
Group II: Non-diabetics with prescribed aspirin, Group III: Diabetics
without prescribed aspirin, Group IV: Diabetics with prescribed aspirin. A.)
Unstimulated platelet GPIIb-IIIa activation was significantly increased in
Group III diabetics compared to all other groups. B.) PAF [10-^M] stimulated
platelet GPIIb-IIIa activation was similar in all groups. Aspirin usage
attenuated the increase in platelet GPIIb-IIIa activation in resting platelets
and slightly diminished the GPIIb-IIIa activation response to PAF in diabetic
subjects. Aspirin did not appear to affect platelet GPIIb-IIIa activation in
non-diabetic subjects. * P < 0.05 vs. unstimulated P-selectin expression in
Groups I, n, and IV.
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CHAPTER

6.

INCREASED

PLATELET-NEUTROPHIL

INTERACTIONS STIMULATE NEUTROPHIL REACTIVE OXYGEN
SPECIES PRODUCTION IN PATIENTS WITH TYPE II DIABETES

6.1. ABSTRACT
Increased

polymorphonuclear

leukocyte

activation

in

diabetes

may

exacerbate inflammatory reactions including the blood contribution to
ischemia-reperfusion injury in the diabetic heart. The aim of this study was
to examine if platelet-leukocyte interactions are increased in patients with
type II diabetes and if the formation of these aggregates contribute to
increased PMN ROS production.

Flow c3rtometry was used to measure

platelet-PMN conjugates in whole blood from
matched non-diabetic patients.

type II diabetic and age-

Platelets were labeled with FITC-CD42b

antibody while leukocytes were identified using the fluorescent nuclear probe
LDS-751. DCFH-DA was used to determine PMN reactive oxygen species
(ROS) generation. Anti-P-selectin Ab was used to block platelet-PMN
interactions.

Platelet-PMN conjugate formation and PMN ROS were

significantly increased in patients with type II diabetes compared to control
subjects (P<0.05). PMN ROS production was also positively correlated with
platelet-PMN conjugate formation. In addition, blockade of platelet-PMN
aggregation significantly attenuated PMN ROS production in type II diabetic
patients. These findings indicate that platelet-PMN conjugates are increased
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in patients with type II diabetes. Furthermore, platelets in type II diabetic
patients appear to modulate PMN activity.

Increased platelet-PMN

aggregates in type II diabetic blood may contribute to an exaggerated PMNmediated inflammatory response during reperfusion of the ischemic diabetic
heart.

6.2. INTRODUCTION

Diabetes is now considered a major risk factor for cardiovascular disease,
particularly ischemic heart disease (240,241). Patients with diabetes are
more likely to develop macro- and microvascular disease compared to nondiabetics (3,40). The risk of myocardial infarction and reinfarction is greater
in diabetics compared to non-diabetics (2,7,242). Additionally, diabetics tend
to have larger infarctions and the mortaUty associated with an acute episode
of myocardial ischemia is greater than non-diabetics. The pathogenesis of
the excessive mobidity and mortaUty associated with ischemic heart disease
in diabetes is unclear, but likely involves a pathophysiologic interplay of
several factors.

An excessive inflammatory reaction may contribute to the increased severity
of cardiac complications in diabetes (2). In non-diabetic hearts, it is apparent

148

that restoration of blood flow

to the ischemic myocardium results in

additional damage of the coronary vasculature and myocj^es and that the
cellular component of the inflammatory reaction may contribute to
reperfusion injury (71,154,243-246). The initial step in the leukoc3rtemediated inflammatory response following myocardial ischemia is leukocyte,
particularly

PMN,

deposition

and

accumulation

in

the

coronary

microcirculation. Once sequestered, leukocytes contribute to reperfusion
injury by occluding microvessels and through the release of oxygen free
radicals and proteases resulting in damage to the heart (157,158). There is
evidence from our laboratory that the blood contribution to reperfusion injury
is enhanced in diabetes.

We recently reported that, compared to non-

diabetics, the initial recovery of the diabetic heart from a period of ischemia
was dramatically compromised when diabetic hearts were perfused with
diabetic blood (86). Also, recent evidence from our laboratory indicates that
leukocj^e accumulation in the diabetic heart following ischemia and
reperfusion is increased compared to the non-diabetic heart (193). Increased
leukocyte retention and subsequent activation of PMNs in the diabetic heart
sets the stage for an exaggerated inflammatory response during reperfusion.
This complication may contribute to the excessive morbidity and mortality
observed in diabetic patients with coronary heart disease.
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The mechanisms that contribute to increased PMN activation in diabetes are
not well understood, but may involve increased interactions with activated
platelets circulating in diabetic blood.

Previous in-vitro studies of non-

diabetic blood cells indicate that platelets can interact with PMNs and
modulate their activity (143,225,247-250). Ruf and colleagues, using isolated
platelets and neutrophils, observed a significant increase in neutrophil ROS
production as a function of platelet concentration (143). Platelets are known
to circulate in an activated state in patients with diabetes (220,251). Several
studies have reported an increase in the coagulability in diabetic blood
(145,252,253). Furthermore, others have reported increased expression of the
platelet adhesion molecules P-selectin and activated GPIIb-IIIa in diabetic
blood (144). Increased adhesion protein expression in diabetic platelets may
enhance the adhesion between circulating platelets and leukocytes, causing
leukocyte activation.

Although platelet-leukocyte interactions have been reported in other settings
associated with inflammation such as cardiopulmonary bypass surgery (254)
and hemodialysis (255), the extent of platelet-PMN conjugate formation in
patients with t3T)e II diabetes has not been reported. In this study, we tested
the hjrpothesis that PMNs firom type II diabetics, measured in whole blood,
are activated compared to non-diabetic PMNs. We also tested the notion that
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platelet-PMN conjugates are increased in diabetic blood, and that plateletPMN interactions contribute to increased PMN activation.

The results

indicate that both PMN reactive oxygen species (ROS) generation and
platelet-PMN conjugates were significantly increased in t5T)e II diabetic
blood. Furthermore, the increase in ROS generation from diabetic PMNs
appears to be positively correlated with platelet-PMN conjugate formation.
These results suggest that increased platelet-PMN conjugate formation in
type II diabetes may contribute to excessive PMN activation and thus
contribute to increased leukocyte-mediated ischemia-reperfusion injury in the
diabetic heart.

6.3. MATERIALS AND METHODS

Antibodies and Reagents.

LDS-751 and 2',7'-dichlorofluorescein diacetate

(DCFH-DA) were purchased from Molecular Probes (Eugene, OR); fluorescein
isothiocyanate (FITC)-conjugated anti-CD42b monoclonal antibody and
piurified anti-P-selectin antibody were purchased from Pharmingen (San
Diego, CA); platelet activating factor (PAF) was purchased from Sigma
Chemical Co. (St. Louis, MO). Phosphate-buffered saline (PBS) was filtered
using a 0.45 i^m pore filter prior to use in all experiments.
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Subjects. Fifteen type II diabetic and fourteen age-matched non-diabetic
male cardiovascular patients were enrolled from the Cardiology Clinic at the
Veterans Administration Hospital (Tucson, AZ).

Informed consent was

obtained from each participating subject. The protocol was approved by the
University of Arizona Institutional Review Board.

The patient's

characteristics are summarized in Table 6.1.

Measurement of Platelet-PMN Conjugate Formation. Whole blood was drawn
from patients into vacutainers with ACD (Becton Dickinson, Franklin Lakes,
NJ) and immediately incubated with the fluorescent nuclear probe LDS-751
(l|ag/ml). This process allows for the examination of leukocjrtes in whole
blood and thus eliminates the need for separation procedures that can
activate leukocytes (256). The whole blood/LDS mixture was divided into 20^1
aUquots in 1.5ml microcentrifuge tubes. Platelets were then labeled with an
FITC-conjugated anti-CD42b antibody (20(il undiluted Ab). Samples were
incubated at room temperature and protected from light for 15 min. After 15
min. incubation, a subset of samples were activated with platelet activating
factor (PAF, 10

to examine platelet-PMN conjugate formation in response

to an inflammatory stimulus.

All samples were incubated at room

temperature for an additional 10 min. Following 25 min. of total incubation
time, samples were diluted with 1 ml ice-cold PBS and kept on ice until
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acquisition by flow cjrtometry (Becton Dickinson FACScan Clinical Flow
Cytometer, Becton Dickinson, San Jose, CA). Samples were acquired under
low sheath fluid flow conditions. During acquisition, a threshold was set on
FL-3 (LDS-751 fluorescence) during acquisition to include only those events
that stain positive for the LDS-751 marker (leukocytes only). Data analysis
was performed using flow cytometry data anaylysis software (WinMidi 2.8
Flow C5^ometry Application). To specifically examine PMNs, a gate was
drawn around the PMN subpopulation of leukocytes as identified by side
scatter and forward scatter characteristics. Events that stained positive for
FITC-CD42b (platelets) within the PMN gate were considered positive
platelet-PMN conjugates (Fig. 6.1).

The data were expressed as the

percentage of PMNs that exhibited positive platelet staining.

Measurement of PMN ROS Production. Subahquots of whole blood/LDS
mixture were used to measure PMN ROS production as described previously
(86).

Briefly, ROS production was measured in 20 |il samples of whole

blood/LDS using the intracellvdar ROS probe 2',7'-dichlorofluorescein
diacetate (DCFH-DA, 80|iM).

To examine the PMN response to an

inflammatory stimulus, a subset of samples were stimulated with plateletactivating factor (PAF, lO-^M). All samples were incubated for an additional
10 min at 37°C. After 25 min. total incubation time, 4 mis of ice-cold PBS
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were added to each sample. Samples were then placed on ice and protected
from light until data acquisition by flow cytometry. A threshold was set on
FL3 to exclusively examine the leukocjrte population in whole blood. The
PMN subpopulation of leukocytes was identified by side scatter and forward
scatter characteristics. PMN ROS production results were expressed as total
fluorescence intensity (TFI = % positive events X mean channel of
fluorescence) (86).

Platelet-PMN conjugate formation is mediated by P-

selectin (present on activated platelets) and PSGL-1 (present on monocytes
and PMNs). Therefore, to investigate the effect of platelet-PMN aggregation
on PMN activity, we measured PMN ROS production following the inhibition
of platelet-PMN conjugate formation using an anti-P-selectin antibody (50
Hg/ml).

Statistical Analysis.

Data were collected and tabulated on spreadsheets

(Microsoft Excel 7.0). All values were expressed as mean ± standard error.
All statistics were calculated using SPSS Statistical software (version 6.1.3).
Comparisons between the two groups were made analysis of variance
(ANOVA). If significant differences were observed, Scheffe's post hoc test
was performed. Analysis of non-parametric data was performed using Chisquare analysis. Probabilities of 0.05 or less were considered statistically
significant.
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6.4. RESULTS

The summary of patient characteristics is given in table 6.1. All patients
were male with a history of cardiovascular disease. The average age and
BMI were similar between the two groups. Diabetic patients exhibited a
significantly elevated glycated hemoglobin level (HbAlc, 5.4 ± 0.2 (ND) vs.
8.2 ± 0.5 % (D), P<0.05). The average duration of diabetes was 16 years with
57% of diabetic patients on insuhn therapy. Platelet and leukocyte counts
were similar between the two groups. The profile of prescribed medications
was also similar between non-diabetics and diabetics.

No differences in

platelet-PMN conjugate formation or PMN ROS production were observed
when non-diabetic and diabetic patients were subdivided into groups with or
without prescribed aspirin or nitric oxide donors, both of which are drugs
known to affect platelet and/or leukocjrte function (188;257).

Figure 6.1 are representative dot plots of platelet-PMN interactions. Events
that stained positive for both the platelet marker FITC-CD42b and the
leukocjrte marker LDS-751 fluorescence were considered positive plateletPMN interactions.

Compared to non-diabetic PMNs (Fig. 6.1A), the

percentage of diabetic PMNs with adhered platelets (Fig. 6.IB) were
dramatically increased.

Figure 6.1C represents the dramatic increase in
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platelet-PMN conjugate formation in non-diabetic blood in response to PAF
(10-^M). Figure 6.1D represents the almost complete inhibition of plateletPMN conjugate formation in non-diabetic blood in the presence of an anti-Pselectin Ab. Further blockade could not be achieved with increased
concentrations of anti-P-selectin mAb.

Figure 6.2 gives the summary data of platelet-PMN conjugate formation in
type II diabetic and non-diabetic subjects. Platelet-PMN conjugates were
significantly increased by approximately 50% in type II diabetic patients
compared to non-diabetic subjects (19.4 ± 1.8 (ND) vs 31.2 ± 2.3 (D), P<0.05).
Upon stimulation with PAF, both groups exhibited a significant increase in
conjugate formation compared to unstimulated samples (P<0.05). P-selectin
blockade significantly reduced platelet-PMN aggregates in both groups
(P<0.05). Blood activation with PAF did not increase conjugate formation in
the presence of anti-P-selectin Ab (P<0.05).

Figure 6.3 gives the summary data for PMN ROS production results in t3rpe
II diabetic and non-diabetic subjects. A significant increase in PMN ROS
production was observed in unstimulated PMNs fi'om diabetic compared to
non-diabetic patients (11.9 ± 1.7 (ND) vs. 22.7 ± 3.3 (D) TFI, P<0.05). PMNs
firom diabetic patients also exhibited greater ROS production following
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stimulation with PAF; however, the difference was not statistically
significant (28.1 ± 1.4 (ND) vs. 31.1 ± 2.5 (D) TFI, P=0.48). Inhibition of
platelet-PMN conjugates did not affect ROS production fi*om non-diabetic
PMNs (11.9 ± 1.7 (baseline) vs. 12.4 ± 2.6 (+anti-P-selectin Ab). However,
ROS production was significantly attenuated in PMNs fi-om type II diabetics
when platelet-PMN aggregates were inhibited with anti-P-selectin Ab (22.7 ±
3.3 (baseline) vs. 16.0 ± 2.3 (+anti-P-selectin Ab), P<0.05). The increase in
PAF-stimulated PMN ROS production was attenuated in both non-diabetic
patients (28.1 ± 1.4 vs. 18.8 ± 4.7 (+anti-P-selectin Ab) TFI, P>0.05) and type
II diabetic (31.1 ± 2.5 vs. 24.2 ± 2.7 (+anti-P-selectin Ab) TFI, P>0.05).

Figure 6.4 gives the relationship between PMN ROS production and plateletPMN conjugate formation for both non-diabetic and diabetic subjects. There
was a significant correlation between PMN ROS production and plateletPMN conjugate formation (R = 0.753, P<0.05).

Non-diabetics tended to

cluster toward reduced platelet-PMN conjugates and subsequently reduced
PMN ROS production compared to type II diabetics. PMN ROS production
appeared to increase linearly in both groups as platelet-PMN conjugate
formation increased until approximately 60% of PMNs were associated with
platelets. Further increases in platelet-PMN conjugates beyond 60% did not
appear to affect PMN ROS production.
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6.5. DISCUSSION

An increased cell-mediated inflammatory reaction may contribute to the
severity of cardiovascular compHcations in diabetes (2). In the setting of
ischemia and reperfusion in the diabetic heart, leukocj^es sequestered in the
coronary microcirculation contribute to reperfusion injury by occluding
microvessels and releasing damaging reactants such as reactive oxygen
species and proteases resulting in damage to the heart and coronary
microvessels (157,158).

In an earlier report, we found that perfusion of

diabetic rat hearts with diabetic whole blood severely compromised cardiac
functional recovery following ischemia and reperfusion suggesting that
component(s) within diabetic blood contribute to enhanced reperfusion injury
in the diabetic heart (86). In this study, we tested the notion that PMN
activation is increased in blood from type II diabetic patients. Furthermore,
we investigated if platelet-PMN conjugates are increased and if the formation
of these conjugates contribute to increased PMN activation in diabetic blood.
To oiur knowledge, this is the first report to quantify platelet-PMN conjugate
formation in whole blood from patients with type II diabetes. We found that
both platelet-PMN conjugate formation and PMN ROS production were
significantly increased in diabetic patients compared to non-diabetic patients.
The results also indicate that ROS production was significantly attenuated in
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PMNs from diabetics when platelet-PMN conjugate formation was inhibited.
These findings suggest that PMN activity, as determined by ROS production,
and platelet-PMN aggregates are increased in type II diabetic patients.
Furthermore, platelet-PMN conjugates appear to contribute to enhanced
PMN ROS production in type II diabetes. Thus, platelet-PMN aggregates
and subsequent PMN activation in diabetic patient blood may exacerbate the
cell-mediated inflammatory response and leukocyte-mediated ischemiareperfusion injury in the diabetic heart.

Increased Platelet-PMN conjugates in Type II Diabetic Blood
In this study, we observed a significant increase in platelet-PMN aggregates
in patients with type II diabetes compared to non-diabetic subjects (Fig. 6.2).
Elevated platelet activation in diabetes may contribute to the increase in
platelet-PMN conjugate formation in diabetic blood. The adhesion between
platelets and PMNs is primarily mediated by platelet P-selectin and PSGL-1,
the counter receptor for P-selectin located on neutrophils and monocytes
(142,225).

P-selectin is stored in a-granules within resting platelets;

however, upon activation, P-selectin is rapidly shuttled to the outer
membrane and expressed on the surface of the platelet. If platelet P-selectin
surface expression is increased, the potential for adhesive interactions
between platelets and monocytes and/or PMNs may also increase. Platelet
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hyperactivity occurs in both type 1 and type II diabetes (145,146,251,252).
Additionally, several studies have measured increased platelet P-selectin
expression, a marker of platelet activation, in diabetic patient blood
(144,258,259). Omoto et al. examined platelet activation in diabetic patients
with and without nephropathy and found that platelet P-selectin was
significantly increased in diabetic patients compared to non-diabetic subjects.
A fxirther increase in P-selectin expression was detected in diabetics with
nephropathy suggesting that the severity of diabetes contributed to level of
platelet activation (258). Since platelet P-selectin mediates the adhesion
between platelets and PMNs, perhaps increased P-selectin expression on
diabetic platelets contributed to the increased platelet-PMN conjugate
formation in diabetic blood. It remains to be determined whether PSGL-1
expression, the PMN counter receptor for P-selectin, is also upregulated on
diabetic PMNs.

Increased PMN ROS Production in Type II Diabetic Blood
In addition to the increased formation of platelet-PMN conjugates, we also
observed a significant increase in PMN ROS production firom type II diabetic
blood compared to non-diabetic blood (Fig. 6.3). Furthermore, we found that
PMN ROS production increased in response to PAF indicating that PMNs
from type II diabetic subjects are able to respond to an inflammatory
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stimulus. It is not clear from previous studies whether PMN function from
diabetics is diminished (130,260,261) or increased (86,134,201). Marhoffer et
al. examined the respiratory burst in PMNs from diabetic patients in poor
metabolic control. They reported that the respiratory burst was impaired in
PMNs isolated from diabetic blood and found a strong correlation between
respiratory burst activity and metabolic control (261). Conversely, we (86)
and others (134) have reported that, in animal models of diabetes, PMN ROS
production is enhanced in diabetic blood.

Furthermore, PMN ROS

production appears to be increased in t3T)e 1 diabetic patients (201). Our
findings in type II diabetic patients suggest that unstimulated PMN activity
is increased in type II diabetic patients. Additionally, upon stimulation with
PAF, diabetic PMNs were able to increase ROS production. This finding is in
contrast to previous reports that PMN ROS production in response to
exogenous stimuli is reduced in diabetic patients (260,262). An possible
explanation for the discrepancy between our results and those reporting
decreased PMN function in diabetes may be that our measurements were
performed in whole blood in contrast to isolated PMNs (130,260),

PMN

isolation procedures can cause artificial cell activation (256) and may affect
PMN behavior, particularly in response to inflammatory stimuli. Also, the
presence of additional stimulatory factors in whole blood that are absent in
studies using isolated leukoc3rtes, such as platelets and/or complement
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proteins, may be responsible for the net increase in PMN activation we
observed in type II diabetic blood (86,134,186).

The Platelet Contribution to PMN Activation in Type II Diabetes
The mechanisms involved in increased PMN activation in diabetics most
likely involve an interplay of several factors, including complement proteins
and possible interactions with activated diabetic platelets. To investigate the
contribution of platelet-PMN adhesion to PMN activation in diabetic patient
blood, we measured PMN ROS production following the inhibition of plateletPMN aggregates using an anti-P-selectin Ab. Incubation with anti-P-selectin
Ab reduced the percentage of platelet-PMN conjugates to less than 5% in
both non-diabetic and diabetic blood (Fig. 6.2). Furthermore, we found that
PMN ROS production in diabetic subjects was attenuated following the
inhibition of platelet adhesion to PMNs. Blockade of platelet-PMN adhesion
also attenuated the PAF-stimulated increase in ROS production in both nondiabetics and diabetics. These results suggest that platelets do modulate
PMN activity in diabetic blood. The significant increase in platelet-PMN
conjugate formation in diabetic blood may contribute to increased PMN
activation in tjrpe II diabetic patients. In our study, we observed a significant
relationship between PMN ROS production and platelet-PMN aggregate
formation in both non-diabetic and diabetic blood (Fig. 6.4). Nearly all non-
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diabetics exhibited less than 30% of PMNs associated with platelets while
platelet-PMN conjugates were greater than 30% in the majority of type II
diabetics.

In addition to increased conjugate formation, diabetics also

exhibited increased PMN ROS production compared to non-diabetic subjects.
The correlation between ROS production and platelet-PMN conjugate
formation suggests that platelet adherence to PMNs may contribute to the
activation of PMN ROS production.

The notion that activated platelets can modulate PMN function is supported
by studies performed using non-diabetic blood. Nagata and co-workers (263)
investigated the contribution of platelet-PMN aggregation to PMN
superoxide production using isolated blood cells and chemiluminescence.
They reported that thrombin-activated platelets interacting with neutrophils
stimulated superoxide production. Furthermore, the platelet contribution to
PMN activation was inhibited by blocking platelet P-selectin indicating that
platelet-PMN adhesion was necessary for platelet activation of PMNs. Using
lumi-aggregometry on a mixed cell suspension of isolated platelets and
neutrophils, Ruf et al. observed an increase in the neutrophil oxidative burst
following the addition of fibrinogen.

The increase in ROS production was

diminished upon blockade of the CDllc/CD18 PMN receptor (247) suggesting
that the activated platelet GPIIb-IIIa receptor interacting with the
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CD11/CD18 integrin on PMNs via fibrinogen may be involved in generating
signals that lead to activation of the respiratory burst in PMNs. Although
platelet-PMN adhesion is primarily

mediated

by P-seIectin-PSGL-1

interactions (142,225), the authors concluded that platelet activation of
PMNs is transduced by the GPIIb-IIIa-fibrinogen-CDllc/CD18 adhesion
molecule bridge (247).

Thus, platelet-mediated activation of PMNs may

require a two-step process of 1.) primary platelet-PMN adhesion mediated by
P-selectin and PSGL-1 followed by 2.) activation of the oxidative burst
mediated by GPIIb-IIIa-fibrinogen-CDllc/CD18 adhesion bridge (247). In
our study, we blocked platelet-PMN adhesion by inhibiting the P-selectinPSGL-1 interaction. As a result, insufficient signal transduction may have
occurred through the GPIIb-IIIa-fibrinogen-CDllc/CDlB adhesion molecule
bridge leading to a reduction in the PMN oxidative burst. Recent evidence
also suggests that PSGL-1 on PMNs can directly transduce intracellular
activation signals when occupied by P-selectin (225,248,264). It appears that
tyrosine phosphorylation of the ERK family of MAP kinases and PMN IL-8
production increases following occupation of the PSGL-1 receptor (264).
Activation of the tjrrosine phosphorylation signaling cascade has also been
reported to activate the CDllb/CD18 adhesion protein on PMNs (225). Thus,
outside-in signaling from PSGL-1 and CDllc/CD18 PMN receptors are
mechanisms by which platelets adhered to PMNs may modulate PMN
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activity.

Implications of Increased Platelet-PMN Conjugates in Type II Diabetes
The imphcations for increased platelet-PMN aggregate formation in diabetic
blood may have a direct impact on the severity of inflammatory mediated
reactions. One complication that involves inflammatory cells is ischemiareperfusion injury in diabetic organs. Previous studies in diabetic hearts
suggested that reperfusion injury was less severe compared to non-diabetic
hearts (79,265). However, the absence of blood cells, particularly platelets
and PMNs, may account for the surprisingly mild injury upon reperfusion of
the ischemic diabetic heart. Conversely, when whole blood was used as the
perfusate,

ischemia-reperfusion

injury was exaggerated

in

diabetes

indicating that the contribution of blood cells to ischemia-reperfusion injury
may be of significance (86,101,102). Recently, we examined the recovery of
cardiac ventricular function following ischemia and reperfusion. We found
that ventricular function recovery in the diabetic heart was severely
compromised when perfused with diabetic blood compared to non-diabetic
blood suggesting that components in diabetic blood contributed to the cardiac
dysfunction during reperfusion (86).

An enhanced leukocyte-mediated

inflammatory response to ischemia and reperfusion has also been reported in
the mesentery of diabetic rats. Salas et al. observed a significant increase in
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leukocj^e adhesion and migration in mesenteric post-capillary venules of
diabetic rats during reperfusion that was dependent on PAF and leukotriens
(102). In conclusion, evidence from our laboratory and others suggest that
the excessive ischemia-reperfusion injury in the diabetics may be due to
increased blood cell-endothelial cell interactions and enhanced leukocyte
activation during reperfusion of the ischemic organ. Activated platelets in
diabetic blood may alter PMN function through the increased formation of
platelet-PMN aggregates and subsequent stimulation of the respiratory burst
activity in diabetic PMNs. production. Therapeutic interventions aimed at
attenuating platelet-PMN aggregates may prove to be beneficial in limiting
the blood contribution to ischemia-reperfusion injury in diabetic patients.
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Table 6.1. Summary characteristics for non-diabetic and type II diabetic
patients.

Age (yrs)
BMI (kg/m2)
HbAlc (%)
Dviration of Diabetes (jts)
Insulin therapy (%)
Hematology
WBC (#/|il)
Granulocytes (%)
Platelet Count (# x l,000/|il)
Hypertension (%)
Hypercholesterolemia (%)
Cigarette smoker (%)
Prior Cardio/Cerbrovascular Events
Myocardial Infarction (%)
Stoke (%)
PTCA (%)
CABG (%)
Medications
Aspirin/Ticlipodine (%)
ACE Inhibitors (%)
p-blockers (%)
Anticoagulants (%)
Anti-inflammatory (%)
Anti-oxidants (%)
Nitrates (%)

Non-Diabetics
(n=15)

Type II Diabetics
(n = 14)

67.2 ± 2
27.4 ±0.8
5.4 ±0.2
0
0

68.5 ± 1.9
29.9 ± 1.2
8.2 ± 0.5 *
16.2 ± 4.2
57

5,876 ± 403
64 ±2
177 ± 12
73
53
20

5,639 ± 180
67 ±2
178 ± 16
86
71
21

80
7
33
40

78
7
21
43

53
47
53
20
7
13
13

43
21
71
14
7
14
14

* P<0.05 compared to non-diabetic group.
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Figure 6.1

Representative FACScan dotplots of platelet-PMN conjugates.

Events that were determined as positive for both FITC-CD42b and LDS-751
were considered platelet-PMN aggregates.

A.

Baseline platelet-PMN

conjugate formation in a non-diabetic subject, B. Baseline platelet-PMN
conjugate formation in a type II diabetic patient, C. PAF-stimulated (10- 7M)
platelet-PMN conjugates in a non-diabetic subject, D. Platelet-PMN conjugate
formation in the presence of anti-P-selectin Ab (50f.lg/ml) in a non-diabetic
subject.
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Figure 6.2. Platelet-PMN conjugate formation was significantly increased in
type II diabetic patients compared to non-diabetics. Both groups exhibited a
significant increase in conjugate formation in the presence of PAF (10"M).
Conjugate formation was significantly reduced to similar levels in all groups in
the presence of anti-P-selectin Ab (50|ig/ml).
unstimulated non-diabetic group.
the absence of anti-P-selectin Ab.

* P<0.05 compared to

P<0.05 compared to respective group in
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Figure 6.3. PMN ROS production was significantly increased in type II
diabetic patients compared to non-diabetics.

Both groups exhibited a

significant increase in PMN ROS in the presence of PAF (10-^. The
addition of anti-P-selectin Ab (50 fig/ml) attenuated PMN ROS production in
PAF-stimulated non-diabetic group and both unstimulated and PAFstimulated diabetic groups. * P<0.05 compared to unstimulated non-diabetic
group. ^ P<0.05 compared to respective group in the absence of anti-Pselectin Ab.
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As platelet-PMN conjugates increase, PMN ROS

production appeared to increase. A plateau in PMN ROS production was
observed

when

platelet-PMN

conjugate

formation

reached

approximately 60% of PMNs were associated with platelets,
P<0.05.

when

r = 0.753,
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SUMMARY AND CONCLUSIONS

Diabetes is now recognized as a significant risk factor for cardiovascular
disease and is now the seventh leading cause of death in the United States.
Epidemiologic studies indicate that morbidity and mortahty associated with
cardiovascular disease, particularly ischemic heart disease, is dramatically
increased in diabetic subjects compared to non-diabetics. From these chnical
studies, it appears that diabetic patients do not recover well when subjected
to myocardial ischemic events. A possible contributor to the poor outcome of
diabetics subjected to myocardial ischemia and subsequent reperfusion may
be exacerbated ischemia-reperfusion injury. It is unclear from experimental
animal studies if the diabetic heart is more or less susceptible to ischemiareperfusion injury.

However, recent evidence suggests that perfusion of

diabetic hearts with diabetic blood do not recover as well following ischemia
and reperfusion. These data suggest that component(s) in diabetic blood may
contribute to exacerbated reperfusion injury in the diabetic heart.

In this study, we tested the overall hypothesis that PMNs and platelets in
diabetic blood were able to mediate the enhanced ischemia-reperfusion injury
in the diabetic heart. Aim 1 of this study was to determine if leukoc3rte
retention is enhanced in the diabetic heart early in reperfusion following
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ischemia. Using an isolated heart preparation and intravital fluorescence
microscopy, we observed a significant increase in diabetic leukocyte retention
in both the coronary capillaries and post-capillary venules early in
reperfusion following ischemia (Chapter 1).

In Aim 2 of this study, we

investigated the activation state of PMNs from diabetic blood to determine if
diabetic PMNs were able to mediate an inflammatory response. We tested
PMN function in whole blood from both a rat model of diabetes as well as
human diabetic patients. Our results indicate that not only was diabetic
PMN activity enhanced in the resting state, but PMNs from diabetic blood
were also able to respond to additional inflammatory stimuli suggesting that
these inflammatory cells are not refractory to stimulation in diabetes.
Furthermore, these results were consistent in both rat and human diabetes
(Chapters 3 and 4).

In order to investigate the mechanism of PMN

hyperactivation in diabetic blood, we examined the contribution of
hyperactivated diabetic platelets to PMN activation. We found that platelets
from type 2 diabetic patients exhibit increased expression and activation of
two key adhesion proteins, P-selectin and GPIIb-IIIa (Chapter 5). We also
found that platelet-PMN conjugate formation was significantly increased.
Increased conjugate formation was significantly correlated with PMN ROS
production, suggesting that increased platelet-PMN complexes may have
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induced increased ROS formation in PMNs from diabetic patients compared
to non-diabetic subjects (Chapter 6).

In conclusion, it appears that PMNs in diabetic blood are able to mediate an
excessive

inflammatory response

upon

reperfusion of the ischemic

myocardium. First, retention of diabetic PMNs in the diabetic heart was
significantly enhanced early in reperfusion following ischemia compared to
non-diabetics.

Thus, an excessive number of PMNs are present in the

reperfused diabetic heart. Second, PMNs in diabetic blood can mediate an
excessive inflammatory response by releasing increased quantities of
damaging oxyradicals that contribute to oxidative stress in the heart. Third,
it appears that hyperactivated platelets contribute to PMN activation in
diabetic blood via increased formation of platelet-PMN conjugates.

The

findings presented in this study will hopefully provide insight into the
potential mechanisms involved in the blood contribution to ischemiareperfusion injury in the diabetic heart.

As more information becomes

available, therapeutic interventions may be employed to limit myocardial
reperfusion injury in diabetes and improve the outcome for diabetic patients
with cardiovascular disease.
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APPENDIX Al.

LABORATORY PROTOCOL: MEASUREMENT OF

CDllB AND REACTIVE OXYGEN SPECIES PRODUCTION IN PMNS
FROM

HUMAN

OR

RAT

WHOLE

BLOOD

USING

FLOW

CYTOMETRY.
Purpose: To quantify PMN CD lib adhesion molecule expression and reactive
oxygen species (ROS) formation in human whole blood using fluorescent antibodies
and flow cytometry. CD lib is the a-subunit of the Mac-1 (CD11/CD18) adhesion
molecule expressed by PMNs and monocytes. It mediates the firm adhesion of
PMNs to endothelial cells which express ICAM-1 (the counter receptor for Mac-1). It
is stored within the PMN and becomes expressed on the cell surface upon PMN
activation. ROS is generated by PMNs via the NADPH oxidase enzyme complex.
The probe that we use to measure ROS production, dichlorofluorescein diacetate
CDCFH-DA), is primarily an indication of H2O2 production within the cell. The
following protocol was designed for use in human blood.
Equipment and Supplies:
Flow Cytometer (BD FACScan flow cytometer, Arizona Cancer Center)
200-1000 fil pipette
20-100 nl pipette
Blue pipette tips
Yellow pipette tips
StjTofoam tube holder
Aluminum foil
Vacutainer containing acid-citrate dextrose (Becton Dickinson)
Laboratory tape (multicolored tape)
Poljrpropylene tubes with caps (Falcon, Becton Dickinson)
Fatered PBS
Blue pads (chuks)
Two (2) Ice buckets with lids
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Ice
Fine point sharpie pen
Platelet-activating factor (PAF, Sigma)
Lab safety goggles (or glasses)
Gloves
Lab coat
Kimwipes
fMLP chemotactic peptide (sigma, 10-2 M stock solution in lab freezer)
Fluorescent Probes:
LDS-751
FITC-conjugated anti-CD lib antibody (Serotec, Cat#MCA551F)
2'7'-dichlorofluorescein diacetate (DCFH-DA, Molecular Probes,
Cat#D399)

Preparation:
As earlv as possible before experiment:
1. Schedule time for use of flow cytometer by calling Norma Seaver (flow
cytometry laboratory technician, AZ Cancer Center 626-2450). A good rule of
thumb is to schedule the flow cytometer approximately one (1) hour after you
plan to receive the blood. The length of flow cytometry time needed depends
on the number of samples you are going to acquire. A good rule of thumb is
to allow approximately 30min./10 samples acquired. For example, if you
expect to receive the blood at 8:00am, then schedule the flow cytometer to
begin at 9:00am. This should give you enough time to process the blood and
get to the cancer center on time. If you have 20 samples to run, allow
yourself ~lhr. to acquire the samples at the flow cytometry lab.
2. Be svire you have the appropriate fluorescent probes/solutions in the lab.
LDS, fMLP, and DCFH-DA are stored in the lab freezer (-20°C). FITCCDllb is stored in the lab refrigerator (4®C). Check preparation dates and
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"received" dates on solutions. If > 6 months have passed since the date of
preparation or date received (for antibodies), do not use.

You may get

inconsistent results. Instead, prepare fresh stock solutions and/or order fresh
solutions/probes.
3. Contact person responsible for obtaining blood. If necessary, be sure a
patient consent form is signed by the patient before obtaining blood. Also be
sure to use the acid citrate dextrose (ACD yellow top vacutainers) as the
anticoagulant. Sodium citrate may also be used.

The day before the experiment:
1. Wrap polypropylene tubes with aluminum foil as depicted in picture #1. Tubes
are wrapped in foil to minimize sample exposure to light (fluorescent probes are
light sensitive).

Tear off 2 in. strips of aluminum foil.

Wrap foil around

polypropylene tube once so that ~ 0.25 in. remains visible at the top portion of the
tube while -0.25in of foil extends beyond the bottom of the tube. Fold foil around
bottom of tube. Secure the foil by wrapping a piece of lab tape (color of your choice)
around the tube. Use this tape to label the sample tube. Cap labeled tubes and
store in styrofoam tube holder. Typical measurements of PMN activation include *:
a. negative control
b. CD lib

c. CDllb+fMLP
d. ROS
e. ROS+fMLP
2. Label 15ml conical centrifuge tube "WB-LDS". You will mix the LDS-751
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working solution and whole blood in this tube. If you plan on processing blood from
more than one person, label additional tubes as necessary (WB-LDS #1, WB-LDS #2,
etc.).
3. Arrange lab bench top as shown in picture #2. Arrange two blue pads on counter
top and secure to bench with lab tape.

One d) hour before arrival of whole blood:
1. Fill two (2) ice buckets with ice.
2. Take filtered PBS from refiigerator and put in ice buckets for easy access. Place
one filtered PBS tube at room temperature for later use.
3. Prepare LDS-751 working solution. LDS-751 (l^g/ml, final concentration) is
used to stain nucleated ceUs Geukocytes) in whole blood. LDS stock solution is
stored in the lab freezer (-20°C) in 15ml conical centrifuge tubes containing lOOfil
aliquots at a concentration of 2mg/ml. Allow the LDS to thaw by holding the bottom
of the tube between your thumb and forefinger. Once thawed, add 9.9mls of filtered
PBS directly to stock solution tube (1:100 dilution, now 20^g/ml) using a 10 ml
pipette with the thumb-roll pipettor. Cap the tube and mix solution gently by
inverting the tube ~5 times. Take 1ml from this mixture and add to a new 15 ml
centrifuge tube. Add 9mls of filtered PBS to this new tube. This results in a 1:10
dilution and a concentration of 2^g/mL Cover this tube with foil and label as "LDS
working solution".

You will use this working concentration of LDS to label

leukocytes in whole blood (final concentration of LDS = l^g/ml).
4. Prepare DCFH-DA working solution. DCFH-DA (80^M, final concentration) is
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used to measure intracellular ROS production. DCFH-DA stock solution is stored in
the lab freezer (-20°C) in 1.5ml microcentrifuge tubes in 100^1 aliquots at a
concentration of 8mM. Add 990^1 of filtered PBS directly to stock solution tube
(1:100 dilution, now 800|iM). Cap the tube and mix solution gently by inverting the
tube ~5 times. Label this tube as the "DCF working solution". You will use this
working solution of DCF to measure ROS production, (final concentration of DCF
= SO^M). Discard diluted stock solution of fMLP to avoid confusion with working

solution.
5. Prepare fMLP working solution. fMLP (10-"M, final concentration) is used to
stimulate PMN activation in whole blood and is used as a positive control. FMLP
stock solution is stored in the lab freezer (-20°C) in 15ml conical centrifuge tubes
containing 100|J[ aliquots at a concentration of lO"- M. Add 9.9mls of filtered PBS
directly to stock solution tube (1:100 dilution, now 10"*M) using a 10 ml pipette with
the thumb-roll pipettor. Cap the tube and mix solution gently by inverting the tube
~5 times. Take lOOfd from this mixture (10"'M), and add to a new 15 ml centrifuge
tube. Add 9.9mls of filtered PBS to this new tube. This results in a second 1:100
dilution and a concentration of 10®M. Label this tube as the "fMLP working
solution". You will use this working concentration of fMLP to stimulate blood
samples (final concentration of fMLP = lO-IVI). Discard diluted stock solution of
fMLP to avoid confusion with working solution.
6. Tear off a sheet of aluminum foil of appropriate size to cover aU of yoxir samples
in the styrofoam holder. You will cover your samples with this foil sheet while
samples are incubating at room temperature.
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7. Be sure pipettes and pipette tips are readUy available.

Blood Processing:
N.B. Be sure to take extra precautions when handling human blood. Wear
eye protection, gloves, and a lab coat. Try to keep human blood confined to
your work space as defined by the blue pads.

N.B. Always use a new, fresh pipette tip when aspirating from the antibody
stock vial to avoid any contamination. Pipette tips are cheap, antibodies
are not.

1. Add 1ml of LDS working solution to the 15ml conical centrifuge tube labeled
"WB-LDS". Before pipetting whole blood, gently mix the blood by slow inverstion of
the Vacutainer ~3 times. Check for clots while performing the inversions. Using a
new pipette tip, take 1ml of citrated-whole blood and add to the same tube with the
LDS. You now have 2mls of WB-LDS mixture to use for your experiment. This
should be more than enough for the experiment (each sample requires 250|il of WBLDS mixture). Gentlv mix WB and LDS by gently inverting the 15ml centrifuge
tube ~3 times. [If you have more samples and require more WB-LDS solution,
prepare the amount you need by adding equal volumes of LDS working solution and
whole blood to obtain the desired quantity. For example, if you have 10 samples, you
will need 2.5mls of WB-LDS solution (10 x 250^1/sample =2.5 mis WB-LDS). Just
mix 1.5mls of LDS and l.Smls of whole blood for a total of 3mls of WB-LDS solution.]
Check for blood clots in the WB-LDS while gently inverting the tube ~3 times. If
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clots appear at any point during this process, make a note in the lab notebook and do
not use this blood for measurements in the flow cvtometer. The diameter of the
tubing system within the flow cytometer is very small and therefore prone to clogs
and stoppages if a thrombus is present in the blood (much like AMI in the heart).

2. If the WB-LDS appears clot-free, then add 250|jI of this mixture to each labeled
polsnpropylene sample tube. To do this, remove the clear tube from the foil. Aspirate
250(il of WB-LDS into the pipette tip. Put the pipette tip all the way into the bottom
of the sample tube. Eject the mixture slowly into the tube. Putting the tip at the
bottom of the tube ensures that this small amount of blood is at the bottom of the
tube and not scattered along the side of the tube. Also, do not perform multiple
ejections with the pipette as this subjects the

blood to unnecessary

mechanical/physical manipulation and may cause blood cell activation. Once the
WB-LDS is in the tube, place the tube back into its aluminum foil "jacket". Repeat
this procedure for the remaining samples.
3. Next, add 10^1 of FITC-CDllb antibody to appropriately labeled tubes. Always
use a fresh pipette tip when aspirating antibody from the stock vial. Be sure that
pipette tip is submerged in WB-LDS mixture (from step 2) to ensure that the CDllb
antibody interacts with the blood (no interaction occurs if the antibody is splattered
along the inside of the tube).

Repeat as necessary for all tubes used for

measurement of CDllb.
4. For ROS measurements, add 25|il of DCF working solution to appropriately
labeled sample tubes. Be sure that the pipette tip is submerged into the WB-LDS
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solution before ejecting to ensure proper mixing.
5. Once CD lib antibody and DCF probe are added, cap tubes and place into test
tube rack in 37°C water bath. Replace lid of water bath and let sample incubate for
15 minutes.
6. After 15 minutes, remove samples that call for fMLP stimulation from foil jacket.
Add 27|xL of fMLP working solution to stimulated samples. Be sure to place the
pipette tip directly into the WB-LDS mixture prior to ejecting fMLP. Use a fresh
pipette tip each time you pipette to prevent cross-sample contamination. Repeat
this step for remaining fMLP-stimulated samples. Add 27|il of filtered PBS to
unstimulated samples.

Replace samples in water bath and incubate for an

additional 10 minutes.
7. After 10 minutes (25 min. total incubation time), remove all samples from water
bath and place in styrofoam holder. Dilute each sample with 4 mis of ice-cold
filtered PBS. Cap sample tubes and place on ice in ice bucket. Keep samples
covered with ice bucket lid or foil. Samples are ready for data acquisition by flow
cytometry.
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Summary of Blood Processing for PMN CD lib Expression and ROS Production
WB-LDS

FITC-CDllb

DCFH

fMLP 10-^

Negative Control

250^a

mmm

...

...

CD lib

250^1

IOhI

—

—

CDllb+fMLP

250^1

10^1

—

27^U

ROS

250^1

—

25^1

—

ROS+fMLP

250^1

—

25^1

27^1

Sample

Time (minutes)
0 min.

15 min.

25 min.

WB-LDS
FITC-CDllb

fMLP or PBS

ice-cold PBS

DCFH-DA
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APPENDIX A2.

LABORATORY PROTOCOL; MEASUREMENT OF

PLATELET P-SELECTIN AND GPIIB-IIIA ADHESION PROTEIN
SURFACE EXPRESSION IN HUMAN WHOLE BLOOD USING FLOW
CYTOMETRY.
Purpose: To quantify platelet adhesion protein expression in human whole blood
using fluorescent antibodies and flow cytometry. The protocol is divided into four
sections: Preparation, Blood Processing, Acquisition, and Analysis. The following
protocol was designed for use in human blood. It is unknown if this protocol can be
used with blood from other species.
Equipment and Supplies:
Flow Cj^ometer (BD FACScan flow cytometer, Arizona Cancer Center)
200-1000 jaI pipette
20-100 |il pipette
Blue pipette tips
Yellow pipette tips
Styrofoam tube holder
Aluminum foil
Vacutainer containing acid-citrate dextrose (Becton Dickinson)
Laboratory tape (multicolored tape)
FQtered PBS
Blue pads (chuks)
Two (2) Ice buckets with lids
Ice
Fine point sharpie pen
Platelet-activating factor (PAF, Sigma)
1.5 ml microcentrifuge tubes
Lab safety goggles (or glasses)
Gloves
Lab coat
Kimwipes
1% paraformaldehyde
3.5" PC formatted floppy disks (bring 5 disks to the flow c3rtometry lab)
Fluorescent Probes:
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PerCP-conjugated anti-CD61 (Becton Dickinson, Cat#340506)
FITC-conjugated anti-GPIIb-IIIa (PAC-1, Becton Dickinson,
Cat#340507)
PE-conjugated anti-CD62P (P-selectin, Becton Dickinson, Cat#348107)
1. Preparation:
As early as possible before experiment:
2. Schedule time for use of flow cytometer by calling Norma Seaver (flow
cytometry laboratory technician, AZ Cancer Center 626-2450). A good rule of
thumb is to schedule the flow cytometer approximately one (1) hour after you
plan to receive the blood. The length of flow cytometry time needed depends
on the number of samples you are going to acquire. A good rule of thumb is
to allow approximately 30min./10 samples acquired. For example, if you
expect to receive the blood at 8:00am, then schedule the flow cytometer to
begin at 9:00am. This should give you enough time to process the blood and
get to the cancer center on time. If you have 20 samples to run, allow
yourself ~lhr. to acquire the samples at the flow cytometry lab.
3. Be sure you have the appropriate fluorescent probes/solutions in the lab.
PAF is stored in the lab freezer (-20®C). FITC-GPIIb-IIIa, PE-CD62P, and
filtered PBS are stored in the lab refrigerator (4°C). Check preparation dates
and "received" dates on solutions. If > 6 months have passed since the date of
preparation or date received (for antibodies), do not use.

You may get

inconsistent residts. Instead, prepare fresh stock solutions and/or order fresh
solutions/probes.
4. Contact person responsible for obtaining blood. If necessary, be sure a
patient consent form is signed by the patient before obtaining blood. Also be
sure to use the acid citrate dextrose (ACD yellow top vacutainers) as the
anticoagulant. Sodium citrate may also be used.
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The day before the experiment:
1. Label 1.5 microcentrifuge tubes with sharpie fine point pen. Typical samples
include:
a. negative control
b. P-selectin
c. P-selectin + PAF
d. GPIIb-IIIa
e. GPIIb-IIIa + PAF
2. Label a 1.5 microcentrifuge tube "PAF stimulated WB" for PAF stimulated
whole blood. This tube will be used to pre-stimulated platelets with PAF before
staining with antibodies.
3. Arrange two blue pads on counter top and secure to bench with lab tape.

One Q) hour before arrival of whole blood:
1. Fill two (2) ice buckets with ice.
2. Take filtered PBS from refirigerator and put in ice buckets for easy access. Place
one filtered PBS tube at room temperature for later use.
3. Prepare PAF working solution. We use PAF (10-"M) to stimulate platelet-PMN
conjugate formation in whole blood. PAF is stored in the lab fireezer (-20°C) in a
plastic container labeled "PAF stock solution". The stock solution is stored in 1.5
microcentrifuge tubes in 10^1 aliquots at a concentration of 10 - M. Add 90ml of
filtered PBS directly to stock solution tube (1:100 dilution, now 10-^M). Mix solution
gently by aspirating solution with the pipette ~5 times. Take 10^1 fi-om this mixture
(10"»M), and add to a new 1.5 ml microcentrifuge tube. Add 90^d of filtered PBS to
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this new tube. This results in a second 1:100 dilution and a concentration of 10 ®M.
Label this tube as the "PAF working solution".

You will use this working

concentration of PAF to stimulate blood samples (final concentration of PAF =
lO-'M). Discard diluted stock solution of PAF to avoid confusion with working

solution.
4. Tear off a sheet of aluminum foil of appropriate size to cover all of your samples
in the styrofoam holder. You will cover your samples with this foil sheet while
samples are incubating at room temperature.
5. Be sure pipettes and pipette tips are readily available.

I. Blood Processing:
N.B. Be sure to take extra precautions when handling human blood. Wear
eye protection, gloves, and a lab coat. Try to keep human blood confined to
your work space as defined by the blue pads.
N.B. Always use a new, fresh pipette tip when aspirating from the antibody
stock vial to avoid any contamination. Pipette tips are cheap, antibodies
are not.

1. Pipette antibodies into appropriate tubes first. Pipette 20^1 of PerCP-CD61 into
all sample tubes. Be sure to insert tip to the bottom of the 1.5 ml microcentrifuge
tube before ejecting antibody to ensure antibody is at the bottom and not on the side
of the tube.
2. Next, pipette 20^il of PAC-1 antibody into appropriately labeled tubes. Insert tip
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of pipette into the 20^1 of antibody akeady present in the tube (from step 1). Be
sure to change pipette tips before aspirating antibody from the PAC-1
stock antibody vial to avoid contanunation. Repeat this step for remaining

tube that requires PAC-1 antibody (GPIIh-IIIa measurements).
3. Now add PE-CD62P antibody into appropriately labeled tubes for measurement
of P-selectin. Insert tip of pipette into the 20|a1 of antibody already present in the
tube (from step 1). Be sure to change pipette tips before aspirating antibody
from the PE-CD62P stock antibody vial to avoid contamination. Repeat this

step

for

remaining

tube that

requires

PE-CD62P antibody (P-selectin

measurements).
4. Put sample tubes with antibodies aside in styrofoam holder and cover with foil.
Turn your attention to the tube labeled "PAF-stimulated WB". Add 50^1 of PAF
working solution to this tube. Gentlv invert the Vacutainer tube containing the
whole blood to resuspend blood cells. Using a fresh pipette tip, add 450fjl whole
blood to the 50(il PAF working solution. Let this WB-PAF mixture incubate at room
temperature for two (2) minutes. While this is incubating proceed to the next step.
5. While the blood is being stimulated with PAF, refocus on the vacutainer
containing the whole blood. Take five (5)(il of blood using a 2-20|J pipette and
yellow tip. Before adding the blood to the sample tubes, carefully wipe the outside of
the pipette tip to remove excess blood on the outside of the tip. Be careful not to
touch the bottom of the tip since blood will be drawn out of the tip via capUlary
action. This step is to ensure that 5^1 of blood, and no more, is added to the sample
tubes. When you have wiped of the excess blood from the outside of the tip, add the
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blood to the unstimulated sample tubes. Be sure the tip of the pipette tip is
submerged in the antibody cocktail that is already present in the sample tube (from
step #1-3) and eject the blood. Do not use repeat ejections with the pipette as this
subjects the blood to unnecessary physical manipulation. Complete ejection of the
blood should occur if the tip is submerged in the antibody cocktail and while you
eject with the pipette.

Repeat this step for the remaining tubes requiring

unstimulated blood. This step should take < 2min. If you see that this step is
going to take longer than 2min., then stop what you're doing and proceed to step 6.
Then come back to this step when you're finished with step 6. We don't want the
blood to incubate for longer than 2 min. ± 15 seconds with PAF.
6. When you have finished adding the unstimulated blood to the appropriate tubes,
turn your attention back to the PAF-stimulated blood. Take 5(ji of this activated
blood and be sure to wipe the tip as in step 5. Add the stimulated blood to the
appropriate tubes.
7. Once the blood is added to the sample tubes, snap the cap on all tubes and place
in styrofoam holder. Cover all samples with foil and incubate at room temperature
for twenty (20) minutes.
8. After 20 minutes, add ice-cold 1% paraformaldehyde to each sample tube.
9. Snap the cap (securely) and place samples on ice in ice bucket. Cover samples
with ice bucket lid or foil. Samples are ready for acquisition at the flow cytometry
lab.
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Summary of Blood Processing for Platelet Adhesion Molecule Expression:
Sample

PerCPCD61

PAC-1 PE-CD62P Unstimulated
WB

PAF-stimulated
WB

Negative Control

20^1

—

—

5^1

GPIIb-IIIa

20^1

20^1

—

5|il

—

GPIIb-IIIa +PAF

2o^a

2o^a

—

—

5^1

P-selectin

20^d

...

20^1

P-selectin+PAF

20^1

—

20^1

5fil

...

5|il

Time (minutes)
0 min.
PerCP-CD61
PAC-1
PE-CD62P

20 min.
Ice-cold 1%
Paraformaldehyde

II. Data Acquisition at the Flow Cytometry Lab

1. The flow cytometer should be on and running.
2. Open lower BD FACScan door and check sheath fluid level and waste container.
If sheath fluid and waste levels are O.K. (sheath fluid more than

full and waste

less than V5 full), then go on to step #3. If sheath fluid is running low, remove
sheath fluid container and add isotone (sheath fluid) to container. To remove sheath
fluid container, toggle the vent valve switch to the lower position to depressurize the
system. Disconnect the white and orange connections by pressing the silver tabs on
each side of the connectors while gently pulling on the connectors. Next, disconnect
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the left connection by pressing on both sides of the connector to disengage the
connection. Pull the sheath fluid container out of the slot. Add isotone to fill line
indicated on the container. Isotone should be in a plastic container next to the wall
directly opposite the FACScan. To remove waste, disconnect the waste container
fi-om the FACScan as described for the sheath fluid container. Discard waste in the
sink while water is running. Before you replace the waste container, add 100ml of
bleach (undiluted) to the waste container.

Bleach is located in the cabinet

underneath the sink. When reconnecting both containers, be sure that connections
are secure. Toggle the vent valve switch to the "up" position and close the door. The
FACScan should be ready to accept samples.
3. Open Cell Quest application. This is the program you wiU use to control sample
acquisition on this flow cytometer. Go to the apple logo on the upper left hand
screen and select Cell Quest.
4. We wiU now create a set of dot plots and histograms that we wiU view during
data acquisition. Go to "Plots" in the menu along the top of the screen. Select "Dot
Plot". A screen will appear prompting you to make selections that will determine
the parameters of the dot plot. Choose the following parameters:
Plot source: Acquisition
X parameter: Forward Scatter (FSC)
Y parameter: Side Scatter (SSC)
Click O.K. A dot plot should appear in the window titled "Untitled". Position the
dot plot in the upper left hand corner of the window.
5. Next, set up histograms to observe fluorescence detected in channels 1, 2, and 3.
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Go to "Plots" in the main menu and select "histogram plot". Channel 1 (FLl) will
detect wavelengths between 515-535nm (FITC or DCF fluorescence), channel 2 will
detect wavelengths between 530-565nm (PE fluorescence), and channel 3 will detect
wavelengths between 640-695nm (LDS or PerCP fluorescence). Select the following
parameters:
Plot source: Acquisition
Parameter: FLl
Y axis: select manual and input "20"
Click O.K. A histogram now appears in the window. Place just below the dot plot
from step 4.
6. Repeat step 5 and create histograms for channels 2 and 3 by selecting parameter
FL2 for channel 2 and FL3 for channel 3. You should now have one dotplot and
three histograms displayed on the window entitled "untitled".
7. Save this window setup for future use when acquiring platelet activation data.
To save this window, go to "File" on the top menu and select "save as...". Name the
file using your name followed by "/McDonagh". For example, if your name was
Jason Hokama, label this file as "Jason/McDonagh". The file should be saved in the
"McDonagh" folder. For future experiments, you can recall this file so you won't
have to repeat steps 4-6 each time.
8. Now set up the FACScan for acquisition of samples. Go to "Acquire" in the top
menu bar and select "acquisition and storage". Select the following parameters:
Acquisition gate: "Accept" and "All"
Number of events: 5,000
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This "notifies" the FACScan to accept all events until the event counter reaches
5,000.
9. Go to "Acquire" and select "Parameter Description". At the bottom of this long
window, be sure to select the following parameters: 1.) SSC, 2.) FSC, 3.) FLl, 4.)
FL2, and 5.) FL3. This informs the FACScan which parameters to save data from.
4

Position the window so that the only the "sample I.D." line is showing. At the top of
the "Parameter Description" widow is a place to input "sample I.D." This is where
you will label the individual samples. Leave this line blank for now. Next to the
"sample ID" line there are two buttons: 1. "file" and 2.) "folder". Select the "file"
button. In the "custom prefix" box, type in today's date using 6 digits followed by
your initials (Aug, 9, 1999, Jason Hokama = 080999JH). This will be the prefix for
all files saved today. In the "file count" box, type in "1". For example, the name of
your first data file saved will be "080999JHr'. The last number will automatically
advance when after you have saved the data file (080999JH2, 080999JH3, etc...).
The name of your files is now setup.
10. In the "Parameter Description" box, select the "folder" button.

This will

determine where your data will be stored on the computer. Select "new" and label
your folder "your name" followed by "/McDonagh data" ("Jason/McDonagh data").
Once you create this folder, you can use it for future experiments.
11. Go to "Acquire" menu firom the top main menu and select "counters". Move the
"counters" window to the lower left corner of the screen above the "Parameter
Description" window. This window indicates the total number of events acquired
and the event rate (# cells/second) while the sample is being acquired.
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12. Go to "Acquire" menu from the top main menu and select "Connect to Flow
Cytometer". This window is used to control the acquisition of data while the sample
is running. Place this window above the "counters" window.
13. Go to the "Gains" panel on the face of the FACScan. Select "SSC" using the
channel button. Next to the "ampifier" button, "log" should be highlighted. If not,
press the "amplifier" button until you see "log". Do the same for FSC, FLl, FL2, and
FL3. All dectectors should be on log scale.
14. N.B. Be sure to wear gloves and eye protection while handling human
blood. We will now move on to the setup of the FACScan for measurement of

platelet activation.

This involves adjusting the threshold and gains of the

photomultiplier tubes. The "threshold" or "trigger" is used to discriminate between
blood cell types based on specific fluorescent labels. For this experiment, platelets
are labeled with an anti-CD61 antibody (pan-platelet marker) conjugated to PerCP
(detected in FL3) so a threshold will be set on FL3 to include only platelets in the
data acquisition. To do this, transfer the "negative control" sample from the 1.5ml
microcentrifuge tube to the FACScan polypropylene tube using a transfer pipette.
FACScan tubes and transfer pipettes are located in the upper right hand drawer of
the desk where the FACScan and computer are located. Before transferring the
sample, be sure to mix the sample by gently aspirating and ejecting the sample.
Once the sample is mixed and transferred to the FACScan tube, place the tube on
the FACScan by swiveling the sample arm to right and firmly placing the tube on
the flow probe as pictured. The sample should fit snugly on an 0-ring at the base of
the probe so that it does not fall when you remove your hand. Gently swing the
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sample arm back under the FACScan tube. Turn the dial on the fluid control panel
to "run". Be sure that the flow control switch is set to "Low". In the "Acquisition
control" window, select the "setup" button. This allows for the visualization of the
data without saving the data so that we can set up the FACScan.
"Acquire" button. A multitude of dots should come
up on the dot plot and histograms.
"threshold" panel on the F ACScan.

0

Select the

.-----------------,

Go to the

Select channel

t

~~
u~

"FL3". Slowly increase the threshold until the SSC

(()
(()

vs. FSC dot-plot resembles the dotplot to the right.
This dot plot represents platelets stained with
PerCP-CD61. The event rate should be

~20-300,

~1+--:o•,--------1...--o,:-----1...--o',.------1...--o-=-'~~1o•
FSC-Height

depending on the concentration of

platelets in the patient's blood.
15. Go to the "gains" panel of the front of the FACScan.

Select channel "FL1".

Adjust the gains so that the entire peak of the histogram in FL1 (shown on the
computer screen) is below the "10 1" mark on the X-axis.

These events will be

considered negative or background events. Repeat this process for FL2 so that all
events are below "10 1".

1'o.2
FL 1-Height

1'o.2
FL2-Height

16. Once the dot plot and histograms are set, select the "pause" followed by the
"abort" buttons on the "acquisition control" window. Toggle the "setup" button so
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that it is not checked.

In the "parameter description" window, type in the

patient/subject # followed by the description of the sample. For example, the first
patient/subject negative control sample would be labeled as "#1 pit function neg
con". Now select the "acquire" button. Data will now be saved to the hard drive.
When 5,000 events have been acquired, the FACScan will automatically stop
acquiring data.
17. WTiile the first sample is running, prepare the next tube by transferring the next
sample to a FACScan tube. Be sure to gently mix the contents by aspirating and
ejecting the fluid using the transfer pipette. When the first sample is completed,
remove the tube from the FACScan and discard the tube in the orange biohazard
waste bag. Place the next tube on the FACScan. Type in the label of the sample in
the "sample ID" box in the "parameter description" window. Select "acquire" to
begin acquiring data for that sample.
18. Repeat steps 17-18 until all samples have been acquired. Following the last
sample, place a FACScan tube containing 10% bleach on the flow cytometer. This
tube of bleach can be found in the upper left hand drawer of the desk just below the
flow cytometer. Run the tube of bleach for five (5) minutes on "high" flow. After 5
minutes, run a tube of distilled water for an additional five minutes. Fill a tube half
way with distilled water from the sink (the faucet with the white tap). After this is
completed, replace the original tube of isotone on the FACScan. Turn the fluid
control knob to standby.
19. Once the flow cytometer is flushed out with bleach, reset the FACScan settings
by selecting the "Instrument Control" menu firom the top menu bar.
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20. To retrieve the newly acquired data for analysis, go to the folder you created for
storing your data and open it. Insert a floppy disk into the floppy drive. Don't worry
that it's a PC disk and the computer is a Mac. Macs are pretty smart and will
recognize it as a PC disk. Copy the data from the hard drive to the floppy disk by
selecting the icon representing your data and dragging it to the icon representing
your floppy disk using the mouse. Repeat this procedure until aU data is transferred
to floppy disks. You may need more than one disk depending on the number of
samples you've acquired. Typically, ~35-45 samples can fit on one disk. You now
have two copies of the original data: one set on the hard drive and another on the
floppy disks. Leave the data set on the hard drive just in case something happens
the floppy disks.
21. Be sure to fill out a flow cjrtometry service sheet. It informs Norma Seaver how
much to bill us for use of the machine. Input the following information:
Principal Investigator: Dr. Paul McDonagh/626-2329
Contact Person: Your name/626-2939
Cell type: Platelets
Fluorescent markers: Direct Conjugated
FITC
PE
PerCP
Operator: Self
Time on: the time vou started using the machine
Time off: the time vou ended.
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Number of samples: the number of samples vou acquired today.
Leave this form on top of the FACSvantage flow cytometer (the big one in the back of
the flow lab). Norma will input this data into her spreadsheet and bill the lab
according to our usage. The current rate is $ /hour so use your time wisely.

III. Data Analvsis using WinMidi Software

The data acquired by the flow cytometer is stored in "list mode". This indicates that
five parameters are stored for each event acquired (FSC, SSC, FLl, FL2, and FL3).
The software package used to convert the raw data into meaningful data is Winmidi
version 2.8.

This software package was downloaded from

the web from

http://facs.scripps.edu/

1. Copy the data from the floppy disk(s) to the hard drive on the computer in G-105
(Gateway desktop computer). The best way to set up your data on the computer is to
create a dedicated folder on the hard drive to store all of your data from all flow
cytometry experiments. This allows for easy access while analyzing the data.
2. Once the data is transferred to the hard drive, you can erase the data from disks
and use it again to transfer files from the flow cytometry lab to the computer in the
G-105 lab. Be sure to backup all of your data on the hard drive to a separate
Zip disk and keep it in a safe place. Thus, your data is stored in three different
places: flow cytometry lab, G-105 lab, and your Zip disk.
3. Open the Winmidi software application on the hard drive. Go to the top menu
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bar and select "Display". From the "display" menu select "dot plot". A window will
appear asking you which file to open. Select the folder that holds your data files and
select the first file. The next window is the "Format Dotplot" window. For the X
axis select FSC and Y axis select SSC.

All other parameters leave at default

selections. A SSC vs. FSC dotplot now appears in the window.
4. Next, draw a gate around the single platelet population. Move the cursor over
the dotplot and click on the left mouse button. A menu appears. Select "regions".
Under "region style" select "ellipse" and click "create". Next, move the cursor over
the dotplot. The cursor is now in the shape of a plus (+). Click and hold the mouse
button to draw a region around the single platelets. The

0~--------------~
s trok~

plt ru!!C con

events depicted in the upper right hand corner (high FSC
t

and SSC) may be platelet-platelet aggregates or platelet-

f~

leukocyte aggregates and thus should not be included in
the analysis. It should look like the dotplot on the right.

;:!1t.o.-----,::-1
o.--,---,:1oc.--,--....,-1'="""'"0
• ---:l1o•
FSC-Height

5. The next step is to label this sample. Move the arrow over the dotplot and click
on the left mouse button once. A menu appears. Select "annotate" from the menu.
Under "text source" select "user ID". The label you typed in while acquiring the data
will appear. Click O.K. and position the label on the upper left hand corner.
6. Next, the histograms for FL1 and FL2 will be formatted. Go to "Display" in the
top menu and select "histogram". Select the same file as you did for the dotplot in
step #4. The next window is the "select parameter" window. Select FLl. Also in
this window is an option listed as "gates". Select this button. Under the "gates list"
window in the regions box there should be "R1-1,2 (Ellipse). This refers to the region
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you just created in step #4. In the "logic" portion of the window, select "and" to
include only those events that appear within the ellipse region. Click O.K. to return
to the "parameters" window. Select "read" on this window. A histogram now
appears. You may have to resize the window to see the histogram. Do this by
clicking on the lower right hand corner of the histogram window and dragging the
cursor down and to the right.
7. The next step is to label the sample.

Click on the histogram and select

"annotate" from the menu. Under "text source" select "sample ID". Place the label
on the upper left corner of the histogram.
8. Repeat steps#6-7 to create a histogram for FL2. The histograms should look like
this:
itnk* pit n«c con

10'

FU-Heighf

FUJ-HeigM

9. Click on FLl histogram using the left mouse button and select "stats" from the
menu. Position this window so that you can see both the "stats" window and the
histogram.
10. This step may be the most important step in the analysis of the data. We will
draw the markers to determine what events will be considered positive and
negative. Click on the FLl histogram and select "markers". The "Set Marker Tool"
window will appear. The "marker index" in the window should read "1". Using the
right mouse button, click on the FLl histogram starting from the left of the Y-axis
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and dragging the cursor toward the right. Let go of the button when you have
reached the end of the histogram. It should be -10'. Go to the "stats" window and
click "update" from the menu on the window. The last line of the "stats" window
indicates the statistics for the marker you've just drawn. The goal is have between
98-99% of the events in this marker region. If the percentage of events does not fall
between 98-99%, adjust the marker until the % of events fits this range. Click on
the histogram again and select "markers" from the menu.

In the "select/set

parameter" window, there are two windows: upper and lower values for the marker.
If the percentage of events is too low, increase the "upper" value and click O.K (vise
versa if the % of events is too high). Then click "update" in the "stats" window to
view the statistics after your last marker change. Repeat this step until the
percentage of events in marker I is between 98-99%.
11. Once marker 1 is set, marker 2 needs to be set. To do this, cUck on the
histogram and select "markers". Note the number listed in the "upper" box under
"select/set parameter" section of the window. Now go to "marker index" and input
"2". Set the "lower" number in "select/set parameter" section to l+(the number Listed
in "upper" for marker 1). For example, if marker 1 was set to "215" in the upper box,
then marker 2 lower box should read "216". Leave the "upper" box for marker 2 at
"1023". Click O.K. Two markers should now appear in the histogram. Click
"update" in the "stats" window. Statistics for two markers now appear in the
window. The histogram and the stats window should look like this when you've
completed these steps;
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Multiple Document Interface for Flow Cytometry
WinMDI Version 2.8- Windows 3.95/DOS 7.10
Sat Aug 14 21 :25 :29 1999
Gates :
Project: Experiment:
File: 051299JH.012 Sample: stroke pit neg con
FL 1-Height

Date: 12-May-99 Parameters: 1
Total Events 5000 Gated Events 5000 100.00%
System: Log Parameter Means : Geometric
Param name

M

FLl-Height

0

2

Low,High

Events

%Total

0,1023

4589

91.78

0, 200

4525

90.50

98.61

201 , 1023

64

1.28

1.39

o/oGated GMean

CV

Peak,Value

1.62

109.24

1.59

108.48

1619, 1

6.96

5.96

100.00

1619,1

6,6.09756

12. Repeat step #11 for the FL2 histogram.
13. You should now have two histograms with two statistics windows and a dotplot
for your first sample. The next step is to arrange a page for printing out the data.
Go to "file" in the top menu bar and select "Format Print Page".

A blank page

appears. Move this page to the far right on the screen. To move the dotplot to the
print page, move the cursor over to the dotplot and click the left mouse button while
holding down the shift key. Keep the button depressed and drag the dotplot over to
the print page. Release the mouse button and the shift key. Move the dotplot to the
top of the print page. Resize the dotplot making it as small as possible by double
clicking on it and dragging the lower right hand corner toward the upper left hand
corner.

Drag each histogram using the same procedure.

The statistics will

automatically appear on the print page when you move the histogram. Arrange the
histogram and stats as pictured above so that the histogram is "tucked" into the
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stats. This saves room on the print page for more data.
14. When you're finished moving the first data file onto the print page, minimize all
the windows (except the print page) so that they're still on the screen, just out of
they way.
15. Now analyze the remaining samples. Repeat steps #3 and 4 for the next dotplot.
Copy the region (ellipse) drawn in the first dotplot and copy it onto the next dotplot.
To do this, click on the new dotplot and select "region" firom the menu. Click on the
"Rl" button and select "copy" and then "close" fi*om the right side menu. Go to the
"edit" menu on the top menu bar and select "paste". The original ellipse region is
now redrawn on the new dotplot.
16. If the next sample is for a P-selectin measurement, you only need to display a
histogram for FL2 since P-selectin is measured using a PE-conjugated antibody.
Open a histogram as in steps #6-7. To set the markers for this histogram, click on
the histogram and select "markers". In the "select/set parameter" portion of the
window, type in the exact same number for the "upper" box for marker 1 as is listed
in the negative control sample. If you forgot the number, go back to the "stats" page
for the FL2 histogram. The numbers for the markers are listed as shown below:
Paramname

M

FU-Height

0

Low.High

Events

%Total

0,1023

4589

91.78

lower" number for marker 2

%Gated GMean
100.00

1.62

CV

Peak.Value

109.24

90.50

98.61

1.59

108.48

1.28

1.39

6.96

5.96

'upper" number for marker I

1619,1
1619.1
6,6.09756
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Input the exact "lower" number for marker 2. The markers are now set for this
histogram.
17. If the sample is a GPIIb-IIIa measurement, you only need to display the
histogram for FLl since the PAC-1 antibody is conjugated to FITC, which is detected
in FLl. When the markers are set for this histogram, be sure to input the same
numbers generated by the negative control FL-1 histogram.
18. Click on the histogram and select "stats". The statistics for this sample are now
shown on the screen.
19. Drag the dotplot and histogram over to the print page.
20. Fit as much data as you can on the print page without compromising your ability
to read the print out. Once the print page is full, cUck on the print page to highlight
it. Go to "file" in the top menu bar and select "print active". This wUl print the
"print page".
21. Repeat these steps until all platelet data from the experiment have been
analyzed.
22. Input the data into a spreadsheet. The spreadsheet should contain information
about the subject relevant to your study. For flow cjrtometry data, three parameters
are usually input into the spreadsheet: % of positive events, Mean channel of
fluorescence, and Total fluorescence intensity (= %pos events x MCF). These
numbers are gleaned from the statistics for each histogram. For example;
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Multiple Document Interface for Flow Cytometry
WinMDl Version 2.8 - Windows 3.95/DOS 7.10
Sat Aug 14 22:27:39 1999
Gates: R1
Project: Experiment:
File: 051299JH.016 Sample: stroke pit P-sel+PAF
Date: l2-May-99 Parameters: I
Total Events 5000 Gated Events 4725 94.50%
System: Log Parameter Means; Geometric
Param name
FL2-Hcight

M

Low.High

Events

%Total

%Gated

GMean

CV

Peak.Value

0

0,1023

4725

94.50

lOO.OO

6.60

75.12

495.1

1

0.210

2589

51.78

54.79

2.18

75.58

495.1

2

211.1023

2136

42.72

45.21

25.34

26.39

15.40.3152

3 ^
Mean Channel of Fluorescence

% Positive Events

Sample 1

% Positive Events

Mean Channel Fl.

Total Fl. Intensity

45.21

25.34

11.45

Although the number we usually report is total fluorescence intensity, be sure to
look at all three numbers for trends that may appear in one, but not other
parameters.
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APPENDIX A3. LABORATORY PROTOCOL: MEASUREMENT OF
PLATELET-PMN CONJUGATE FORMATION IN HUMAN WHOLE
BLOOD USING FLOW CYTOMETRY.
Purpose: To quantify platelet-PMN conjugate formation in human whole blood
using fluorescent antibodies and flow cytometry. The physical interaction between
platelets and PMNs are thought to be mediated by P-selectin (on platelets) and
PSGL-1 (P-selectin Glycoprotein Ligand -1 on PMNs). This procedure uses a dualcolor labeling technique to identify platelets and leukocytes. Events that stain
positive for both fluorochromes are considered positive platelet-leukocyte conjugates.
The following protocol was designed for use in human blood. It is unknown if this
protocol can be used with blood from other species.
Equipment and Supplies:
Flow Cytometer (BD FACScan flow cytometer, Arizona Cancer Center)
200-1000 ^1 pipette
20-100 |al pipette
Thumb roll pipette
Blue pipette tips
Yellow pipette tips
5ml pipette tips
10ml pipette tips
Styrofoam tube holder
15ml conical centrifuge tubes
Aluminum foil
Vacutainer containing acid-citrate dextrose (Becton Dickinson)
Laboratory tape (multicolored tape)
Filtered PBS
Blue pads (chuks)
Two (2) Ice buckets with lids
Ice
Fine point sharpie pen
Platelet-activating factor (PAF, Sigma)
1.5 ml microcentrifuge tubes
Lab safety goggles (or glasses)
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Gloves
Lab coat
3.5" PC formatted floppy disks (bring 5 disks to the flow cytometry lab)

Fluorescent Probes:
LDS-751
FITC-conjugated anti-CD42b (Gplb, Pharmingen, Cat #31134X)
Prfinaration:
As earlv as possible before experiment:
1. Schedule time for use of flow cjrtometer by calling Norma Seaver (flow
c3^ometry laboratory technician, AZ Cancer Center 626-2450). A good rule of
thumb is to schedule the flow cytometer approximately one (1) hour after you
plan to receive the blood. The length of flow cytometry time needed depends
on the number of samples you are going to acquire. A good rule of thumb is
to allow approximately 30min./10 samples acquired. For example, if you
expect to receive the blood at 8:00am, then schedule the flow cytometer to
begin at 9:00am. This should give you enough time to process the blood and
get to the cancer center on time. If you have 20 samples to run, allow
yourself ~lhr. to acquire the samples at the flow c3rtometry lab.
2. Be sure you have the appropriate fluorescent probes/solutions in the lab.
LDS-751 and PAF are stored in the lab freezer (-20°C). FITC-GPIb and
filtered PBS are stored in the lab refrigerator (4''C). Check preparation dates
and "received" dates on solutions. If > 6 months have passed since the date of
preparation or date received (for antibodies), do not use.

You may get

inconsistent residts. Instead, prepare fresh stock solutions and/or order fresh
solutions/probes.
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3. Contact person responsible for obtaining blood. If necessary, be sure a
patient consent form is signed by the patient before obtaining blood. Also be
sure to use the acid citrate dextrose (ACD yellow top vacutainers) as the
anticoagulant. Sodium citrate may also be used.
The day before the experiment:
1. Label 1.5ml microcentrifuge tubes on side and top with sharpie pen. Typical
measurements of platelet-PMN interactions include *:
a. WB-LDS (negative control)
b. Baseline plt-PMN conjugates
c. Stimulated plt-PMN conjugates
* See Individual platelet-PMN SEFs for additional measurements.
2. Label 1.5ml microcentrifuge tube "WB-LDS".

You will mix the LDS-751

working solution and whole blood in this tube. If you plan on processing blood from
more than one person, label additional tubes as necessary (WB-LDS #1, WB-LDS #2,
etc.).
3. Arrange lab bench top as shown in picture #2. Arrange two blue pads on counter
top and secure to bench with lab tape.
One (1) hour before arrival of whole blood:
1. Fill two (2) ice buckets with ice.
2. Take filtered PBS fi-om refirigerator and put in ice buckets for easy access. Place
one filtered PBS tube at room temperatiure for later use.
3. Prepare LDS-751 working solution. LDS-751 (l^g/ml, final concentration) is
used to stain nucleated cells (leukoc3rtes) in whole blood. LDS stock solution is
stored in the lab fireezer (-20°C) in 15ml conical centrifuge tubes containing 100^1
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aliquots at a concentration of 2mg/ml. Allow the LDS to thaw by holding the bottom
of the tube between your thumb and forefinger. Once thawed, add 9.9mls of filtered
PBS directly to stock solution tube (1:100 dilution, now 20|ig/ml) using a 10 ml
pipette with the thumb-roll pipettor. Cap the tube and mix solution gently by
inverting the tube ~5 times. Take 1ml from this mixture and add to a new 15 ml
centrifuge tube. Add 9mls of filtered PBS to this new tube. This results in a 1:10
dilution and a concentration of 2|ig/ml. Cover this tube with foil and label as "LDS
working solution".

You will use this working concentration of LDS to label

leukocytes in whole blood (Hnal concentration of LDS = Ifag/ml).
4. Prepare PAF working solution. We use PAF (10*"M) to stimulate platelet-PMN
conjugate formation in whole blood. PAF is stored in the lab freezer (-20°C) in a
plastic container labeled "PAF stock solution". The stock solution is stored in 1.5
microcentrifuge tubes in 10|il aliquots at a concentration of 10-2 M. Add 90ml of
filtered PBS directly to stock solution tube (1:100 dilution, now 10"'M). Mix solution
gently by aspirating solution with the pipette ~5 times. Take lOfil from this mixture
(10-4M), and add to a new 1.5 ml microcentrifuge tube. Add 90^1 of filtered PBS to
this new tube. This results in a second 1:100 dilution and a concentration of 10 ®M.
Label this tube as the "PAF working solution".

You will use this working

concentration of PAF to stimulate blood samples (final concentration of PAF = lO*
"M). Discard diluted stock solution of PAF to avoid confusion with working solution.
5. Tear off a sheet of aluminum foil of appropriate size to cover all of your samples
in the styrofoam holder. You will cover your samples with this foil sheet while
samples are incubating at room temperature.
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6. Be sure pipettes and pipette tips are readily available.

Blood Processing:

N.B. Be sure to take extra precautions when handling human blood. Wear
eye protection, gloves, and a lab coat. Try to keep human blood confined to
your work space as defined by the blue pads.
1. Add SOOfil of LDS working solution to the 1.5ml microcentrifuge tube labeled
"WB-LDS". Before pipetting whole blood, eentlv mix the blood by slow inversion of
the Vacutainer ~3 times. Check for clots while performing the inversions. Using a
new pipette tip, take 500^1 of citrated-whole blood and add to the same tube with the
LDS. You now have I,000ni of WB-LDS mixture to use for your experiment. This
should be more than enough for the experiment (each sample requires 20^1 of WBLDS mixture). Gentlv mix WB and LDS by gently inverting the 15ml centrifuge
tube ~3 times. Check for blood clots in the tube while gently mixing. If clots appear
at any point during this process, make a note in the lab notebook and do not use this
blood for measurements in the flow cvtometer. The diameter of the tubing system
within the flow cytometer is very small and therefore prone clogs and stoppages if a
thrombus is present in the blood (much like AMI in the heart).
2. If the WB-LDS appears clot-free, then add 20^1 of this mixture to each labeled
polypropylene sample tube. To do this, remove the clear tube from the foil. Aspirate
20^d of WB-LDS into the pipette tip. Put the pipette tip all the way into the bottom
of the sample tube. Eject the mixture slowly into the tube. Putting the tip at the
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bottom of the tube ensures that this small amount of blood is at the bottom of the
tube and not scattered along the side of the tube. Also, do not perform multiple
ejections with the pipette as this subjects the blood to unnecessary
mechanical/physical manipulation and may cause blood cell activation. Once the
WB-LDS is in the tube, place the tube back into its aluminum foil "jacket". Repeat
this procedure for the remaining samples.
3. Add 20|il of FITC-GPlb antibody to all tubes except for the negative control (tube
#1, LDS only). Using a fresh pipette tip, aspirate 20^d of antibody from the vial.
Remove sample tube containing the WB-LDS from foil "jacket". Place pipette tip all
the way down into the WB-LDS mixture and eject slowly. Again, do not perform
multiple ejections. Gently swirl the tube to ensure proper mixing before placing
tube back into foil jacket. Repeat as necessary for remaining sample tubes.
N.B. Always use a new, fresh pipette tip when aspirating from the antibody
stock vial to avoid any contamination. Pipette tips are cheap, antibodies
are not.
4. Once WB-LDS and FITC-GPIb antibody is added to sample tubes, cap tubes and
cover all tubes with foil sheet. Incubate at room temperature for 15 minutes.
5. After 15 minutes, remove foil and cap from tube(s) that require stimulation (ie.
PAF). Add 4.5|al of PAF directly to sample mixture. Before pipetting PAF, gently
mix the PAF working solution by pipetting the solution ~5 times. Remove sample
tube from foil jacket. Aspirate 4.5^i of PAF working solution and place tip into
sample mixture. Gently eject PAF into sample tube. Gently swirl tube to ensure
proper mixing. Replace sample tube into foil jacket.
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6. For samples that do not receive PAF, add 4.5 |il of room temperature filtered
PBS. This serves as a control for volume.
7. Cap tubes and cover all samples with foil sheet. Incubate samples for an
additional 10 minutes.
8. After 10 minutes (25 minutes total incubation time), add 1 ml of ice cold filtered
PBS to all sample tubes.
9. Cap tubes and place on ice until data acquisition at the flow cytometry lab. Be
sure to keep samples covered in the ice bucket either with the ice bucket lid or foil
sheet.

Summary of Blood Processing Procedure:

Samole

WB-LDS

FITC-GPIb

PAF*

Ice-cold PBS

Negative Control

20^1

20^d

—

1ml

Plt-PMN

20^1

20^1

—

1ml

Plt-PMN + PAF

20^1

20M1

4.5|il

1ml

* For negative control and plt-PMN samples, add 4.5|il PBS instead of PAF.
Time (minutes)
0 min.

15 min.

WB-LDS
FITC-GPIb

PAF or PBS

25 min.
ice-cold PBS
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Data Acquisition at the Flow Cytometry Lab

1. The flow cytometer should be on and running.
2. Open lower BD FACScan door and check sheath fluid level and waste container.
If sheath fluid and waste levels are O.K. (sheath fluid more than % full and waste
less than

full), then go on to step #3. If sheath fluid is running low, remove

sheath fluid container and add isotone (sheath fluid) to container. To remove sheath
fluid container, toggle the vent valve switch to the lower position to depress'irize the
system. Disconnect the white and orange connections by pressing the silver tabs on
each side of the connectors while gently pulUng on the connectors. Next, disconnect
the left connection by pressing on both sides of the connector to disengage the
connection. Pull the sheath fluid container out of the slot. Add isotone to fill line
indicated on the container. Isotone should be in a plastic container next to the wall
directly opposite the FACScan. To remove waste, disconnect the waste container
fi:om the FACScan as described for the sheath fluid container. Discard waste in the
sink while water is running. Before you replace the waste container, add 100ml of
bleach (undiluted) to the waste container.

Bleach is located in the cabinet

underneath the sink. When reconnecting both containers, be sure that connections
are secure. Toggle the vent valve switch to the "up" position and close the door. The
FACScan should be ready to accept samples.
3. Open Cell Quest application. This is the program you will use to control sample
acquisition on this flow cytometer. Go to the apple logo on the upper left hand
screen and select Cell Quest.

213

4. We will now create two dot plots for viewing during data acquisition. Go to
"Plots" in the menu along the top of the screen. Select "Dot Plot". A screen will
appear prompting you to make selections that will determine the parameters of the
dot plot. Choose the following parameters:
Plot source: Acquisition
X parameter: Forward Scatter (FSC)
Y parameter: Side Scatter (SSC)
5. Click O.K. A dot plot should appear in the window titled "Untitled". Position the
dot plot in the upper left hand corner of the window.
6. We win now create two dot plots for viewing during data acquisition. Go to
"Plots" in the menu along the top of the screen. Select "Dot Plot". A screen will
appear prompting you to make selections that will determine the parameters of the
dot plot. Choose the following parameters:
Plot source: Acquisition
X parameter: FL3
Y parameter: FLl
7. Click O.K. A dot plot should appear in the window titled "Untitled". Position the
dot plot in the upper left hand corner of the window.
8. Next, set up histograms to observe fluorescence detected in channels 1. Go to
"Plots" in the main menu and select "histogram plot". Channel 1 (FLl) will detect
wavelengths between 515-535nm (FITC or DCF fluorescence). Select the following
parameters:
Plot source: Acquisition
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Parameter: FLl
Y axis: select manual and input "20"
9. Click O.K. A histogram now appears in the window. Place just below the dot
plot from step 6.
10. There are now two dotplots in the window. Go to "file" in the top menu and
select "save as". Name the template "your name/McDonagh Plt-PMN". This window
can be recalled for future platelet-PMN experiments so you won't have to set up
these dotplots again.
11. Now set up the FACScan for acquisition of samples. Go to "Acquire" in the top
menu bar and select "acquisition and storage". Select the following parameters:
Acquisition gate: "Accept" and "All"
Number of events: 5,000
This "notifies" the FACScan to accept all events until the event counter reaches
5,000.
12. Go to "Acquire" and select "Parameter Description". At the bottom of this long
window, be sure to select the following parameters: 1.) SSC, 2.) FSC, 3.) FLl, 4.)
FL2, and 5.) FL3. This informs the FACScan which parameters to save data from.
Position the window so that the only the "sample I.D." line is showing. At the top of
the "Parameter Description" widow is a place to input "sample I.D." This is where
you will label the individual samples. Leave this line blank for now. Next to the
"sample ID" line there are two buttons: 1. "file" and 2.) "folder". Select the "file"
button. In the "custom prefix" box, type in todays date using 6 digits followed by
your initials (Aug, 9, 1999, Jason Hokama = 080999JH). This will be the prefix for
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all files saved today. In the "file count" box, type in "1". For example, the name of
your first data file saved will be "080999JH1". The last number will automatically
advance when after you have saved the data file (080999JH2, 080999JH3, etc...).
The name of your files is now setup.
13. In the "Parameter Description" box, select the "folder" button.

This wUl

determine where your data wiU be stored on the computer. Select "new" and label
your folder "your name" followed by "/McDonagh data" ("Jason/McDonagh data").
Once you create this folder, you can use it for future experiments.
14. Go to "Acquire" menu from the top main menu and select "counters". Move the
"counters" window to the lower left corner of the screen above the "Parameter
Description" window. This window indicates the total number of events acquired
and the event rate (# cells/second) while the sample is being acquired.
15. Go to "Acquire" menu from the top main menu and select "Connect to Flow
Cytometer". This window is used to control the acquisition of data while the sample
is running. Place this window above the "counters" window.
16. Go to the "Gains" panel on the face of the FACScan. Select "BSC" using the
channel button. Next to the "amplifier" button, "linear" should be highlighted. If
not, press the "amplifier" button until you see "log". The "FSC" channel should also
be set to "linear". For FLl, FL2, and FL3, set the amplifier to "log". Thus, FSC and
SSC should be set on "linear" while FLl, FL2, and FL3 should be set on "log".
17. N.B. Be sure to wear gloves and eye protection while handling human
blood. We will now move on to the setup of the FACScan for measurement of
platelet-PMN conjugate formation. This involves adjusting the threshold and gains
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of the photomultiplier tubes. The "threshold" or "trigger" is used to discriminate
between blood cell types based on specific fluorescent labels. For this experiment,
leukocytes are labeled with the nuclear probe LDS-751 (detected in FL3) so a
threshold will be set on FL3 to include only leukocytes in the data acquisition. To do
this, transfer

~ 1ml

of the "negative control" sample from the polypropylene tube to

the FACScan polypropylene tube using a transfer pipette .

FACScan tubes and

transfer pipettes are located in the upper right hand drawer of the desk where the
FACScan and computer are located. Before transferring the sample, be sure to mix
the sample by gently aspirating and ejecting the sample. Once the sample is mixed
and transferred to the FACScan tube, place the tube on the FACScan by swiveling
the sample arm to right and firmly placing the tube on the flow probe. The sample
should fit snugly on an 0-ring at the base of the probe so that it does not fall when
you remove your hand. Gently swing the sample arm back under the FACScan tube.
Turn the dial on the fluid control panel to "run". Be sure that the flow control switch
is set to "Low". In the "Acquisition control" window, select the "setup" button. This
allows for the visualization of the data without saving the data so that we can set up
the FACScan.

Select the "Acquire" button.

A

multitude of dots should come up on both dot plots.
Go to the "threshold" panel on the FACScan. Select

~

-~
I

u

channel "FL3".

Slowly increase the threshold until

(I)
(I)

·:: . ...

the SSC vs. FSC dot-plot looks like the dotplot on the
right.

This dot plot represents leukocytes stained

with LDS-751. The event rate should be

~20-300,

.. .-:

~. :. ";:"

.. ......

:

~

. . .. ·: ·. -~·......

FSC-Height

depending on the concentration of
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leukocytes in the patient's blood.
18. Click "pause" and "abort" on the "acquisition control" window.
20.

Draw

a

region

around

the

granulocyte

population (increased SSC) of leukocytes.

A set of

"tools" are located on the side of the window on the

:E
-~
I

u
(()
(()

computer screen. Select the "ellipse" tool and draw
a region around the granulocyte population as

Granulocytes , .
:'- .· .·
......
Lymphocytes :_· .. :·:·· .
·~.·

(

FSC-Height

shown in figure to the right.
19. Click on the histogram.

:._.~;:;.:•·

. . ..

Go to "plots" in the top menu and select "format

histogram". Under "gates" select "R1=G 1" to include only those events in region 1.
20. Go to "acquisition control window" and select "acquire". Be sure that "setup" is
still checked so that no data is recorded while setting up the flow cytometer.
21. Focus

on

the

histogram

Adjust the gain on FL1 so that

window.
~99%

of
(I)

all events are below 10 1 on the x-axis.

c

Q)

>
w

r

-99%ofevents < l0

1

The histogram should look like this:
FL1 -Height

22. Click "pause" and "abort" on the
"acquisition control" window. The flow cytometer is now set to acquire data. Toggle
the "setup" button on the "acquisition control" window so that it is turned off.
23. In the "parameter description" window, type in the name of sample in the box
"sample ID".

The sample name should include the patient #, parameter being

measured, and the name of the sample. For example, the first sample from the first
patients should be labeled "#1 plt-PMN neg con" for patient #1, platelet-PMN
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measurement, negative control sample. Click "acquire" from the acquisition control
window. Data is now being saved to the folder on the hard drive.
24. While the sample is running, prepare the next sample for acquisition by
transferring to a FACScan tube. Be sure to gently mix the sample before the
transfer.
25. When 5,000 events are acquired, the FACScan wUl automatically stop. Remove
the sample tube from the machine and discard it in the orange biohazard waste
bucket in the flow cytometry lab.
26. Insert the next sample onto the flow cytometer.
27. Type in the sample name in the "sample ID" box in the "parameter description"
window.
28. Click "acquire" in the acquisition control window. Prepare the next sample.
29. Repeat steps 25-30 until all samples have been acquired.
30. Following the last sample, place a FACScan tube containing 10% bleach on the
flow cytometer. This tube of bleach can be found in the upper left hand drawer of
the desk just below the flow cytometer. Run the tube of bleach for five (5) minutes
on "high" flow. After 5 minutes, run a tube of distilled water for an additional five
minutes. Fill a tube half way with distilled water from the sink (the faucet with the
white tap). After this is completed, replace the original tube of isotone on the
FACScan. Turn the fluid control knob to standby.
31. Once the flow cytometer is flushed out with bleach, reset the FACScan settings
by selecting the "Instrument Control" menu from the top menu bar. Select
"Instrument settings" from this menu.
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32. To retrieve the newly acquired data for analysis, go to the folder you created for
storing your data and open it. Insert a floppy disk into the floppy drive. Don't worry
that it's a PC disk and the computer is a Mac. Macs are pretty smart and will
recognize it as a PC disk. Copy the data from the hard drive to the floppy disk by
selecting the icon representing your data and dragging it to the icon representing
your floppy disk using the mouse. Repeat this procedure until all data is transferred
to floppy disks. You may need more than one disk depending on the number of
samples you've acquired. Typically, ~35-45 samples can fit on one disk. You now
have two copies of the original data: one set on the hard drive and another on the
floppy disks. Leave the data set on the hard drive just in case something happens
the floppy disks.
33. Be sure to fill out a flow cytometry service sheet. It informs Norma Seaver how
much to bill us for use of the machine. Input the following information:
Principal Investigator: Dr. Paul McDonagh/626-2329
Contact Person: Your name/626-2939
Cell type: Platelets
Fluorescent markers: Direct Conjugated
FITC
PE
PerCP
Operator: Self
Time on: the time ypu started using the machine
Time off: the time you ended.
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Number of samples: the number of samples vou afiqiiirpH today.
Leave this form on top of the FACSvantage flow cytometer (the big one in the back of
the flow lab). Norma will input this data into her spreadsheet and bill the lab
according to our usage. The current rate is $ /hour so use your time wisely.

Data Analvsis using WinMidi Software

The data acquired by the flow cytometer is stored in "list mode". This indicates that
five parameters are stored for each event acquired (FSC, SSC, FLl, FL2, and FL3).
The software package used to convert the raw data into meaningful data is Winmidi
version 2.8.

This software package was downloaded from the web fi'om

http://facs •scrip PS.ed u/

1. Copy the data from the floppy disk(s) to the hard drive on the computer in G-105
(Gateway desktop computer). The best way to set up your data on the computer is to
create a dedicated folder on the hard drive to store all of your data from all flow
cytometry experiments. This allows for easy access while analyzing the data.
2. Once the data is transferred to the hard drive, you can erase the data from disks
and use it again to transfer files from the flow cytometry lab to the computer in the
G-105 lab. Be sure to backup all of your data on the hard drive to a separate
Zip disk and keep it in a safe place. Thus, your data is stored in three different
places: flow cytometry lab, G-105 lab, and your Zip disk.
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3. Open the Winmidi software application on the hard drive. Go to the top menu
bar and select "Display". From the "display" menu select "dot plot". A window will
appear asking you which file to open. Select the folder that holds your data files and
select the first file. The next window is the "Format Dotplot" window. For the X
axis select FSC and Y axis select SSC.

All other parameters leave at default

selections. A SSC vs. FSC dotplot now appears in the window.
4. Next, draw a gate around the granulocyte population. Move the cursor over the
dotplot and click on the left mouse button.

A menu appears.

Select "regions".

Under "region style" select "ellipse" and click "create".
.

Next, move the cursor over the dotplot. The cursor is now
in the shape of a plus(+). Click and hold the mouse button

!

.·

.

.

.

.

.

.

~
~.

to draw a region around the single granulocytes. It should
look like the dotplot to the right.

FSC-Height

5. Go to the top menu bar and select "Display". From the "display" menu select "dot
plot". A window will appear asking you which file to open. Select the same file used
for the first dotplot in step #4 (negative control). The next window is the "Format
Dotplot" window.
select FL1.

~~------------~

For the X axis select FL3 and Y axis

CABG 2 P-L NEGCON

All other parameters leave at default
~

.S!'N

selections. Select the "gate" button in the "format dotplot"
window.

~~

In the "logic" window, select "and" to analyze

events within region 1 only (granulocytes).

An FL1 vs.

FL3 dotplot now appears in the window.
6. Create a "quadrant" which will distinguish between leukocytes only and platelet-

------------- ---- - -
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leukocyte conjugates. Click on the FLl vs. FL3 dotplot and select "quadrant" from
the menu. Position the cursor over the intersection of the quadrant and press the
mouse button.

Drag the horizontal line down until it just reaches the top of the

lower population of cells. Drag the vertical line all the over to the left so it is out of
the way.
7. Click on the FLl vs. FL3 dotplot and select "stats". The target is 98-99% of the
events should be in the lower right quadrant. Adjust the position of the horizontal
line until this criterion is met. If you need to adjust the quadrant line, double click
on the intersection of the quadrant to activate it. Once the horizontal line is moved,
click "update" on the "stats" window to determine the proper percentage of events is
in the lower right quadrant. The dotplot and stats should look like this:
Multiple Document Interface for Flow Cytometry
WinMDI Version 2.8- Windows 3.95/DOS 7.10
on-------------------------.

Sun Aug 15 18:10:10 1999

2 P-L NEGCON

Gates:

,.,
0

Project: Experiment:
File : 051299JH.047 Sample: CABG 2 P-L NEGCON
Date: 12-May-99 Parameters : 5
Total Events 3060 Gated Events 3060 100.00%
System: Log Parameter Means: Geometric
Quad Stats
FL3-Height(Log) vs FLI-Height(Log)
Quadrant x,y: 308, 136
Quad X-Mean Y-Mean
I UL

Events

%Total

0

/oGated

0.0

0.0

0

0.00

0.00

2 UR 334.0

5.5

41

1.34

1.34

3 LL

0.0

0.0

0

0.00

0.00

4 LR

145 .6

3019

98.66

1.3

98.66
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8. The next step is to format the print page. Go to "file" firom the top menu and
select "format print page". Move the print page over to the far right hand portion of
the screen. While holding the shift button down, click on the FLl vs. FL3 dotplot
and drag the dotplot over to the print page. The statistics will automatically be
displayed with the dotplot on the print page.
9. Repeat steps #5-8 for the remaining samples. When you display the next dotplot,
be sure to select the "gates" option and select "and" in the logic section to analyze
only granulocytes.
Input the data into a spreadsheet. The spreadsheet should contain information
about the subject relevant to your study.

For flow cytometry data, input the

percentage of leukocytes with a conjugated platelet. This number is obtained from
the statistics for each FLl vs. FL3 dotplot. The percentage of positive platelet-PMN
conjugates is the percentage of events in the upper right quadrant (events that stain
positive for both LDS-751 and FITC-GPIb).
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