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ABSTRACT

Reperfusion of an ischemic myocardium has been shown to cause increased injury
to the post-ischemic myocardium. This injury is visible by an increase in the resting
tension of the heart and decreased contractility. It remains unknown if this injury is a
delayed result of ischemia, or resuits from the reperfusion of an ischemic area, or a
combination of both. Studies exploring the mechanisms of ischemia/reperfusion (IR) injury
are abundant and have shown that oxidants, as well as accumulation of metabolic
byproducts, play major roles in IR.

The isolated perfused heart model has been used very successfully in the past,
allowing examination of IR, as well as the application of agents to combat IR injury.
However, in the last few years there has been increased interest in a newly discovered
component of IR. Apoptosis has recently been determined to occur in the post ischemic
heart in vivo by this laboratory, as well as others. It remains unknown whether active cell
death contributes to the decrease in myocardial performance characteristic of IR,
however, the manipulation of apoptosis using various agents has been successfully
documented in many different systems, including cardiac myocytes. Therefore, we sought
to determine for the first time if. 1) Apoptosis occurs in the isolated buffer perfused heart
and 2) If manipulation of apoptosis would protect against IR injury.

Apoptosis was characterized using DNA agarose gel electrophoresis and In-Situ-
End-Labelling (ISEL). Together, these provide significant evidence of apoptosis, in the
isolated hearts. Thirty minutes ischemia, followed by 4 hours of reperfusion with Krebs-

Ringer buffer provided abundant apoptosis in cardiomyocyte nuclei (11 of 14 hearts




displayed DNA "ladders" and positive ISEL), coupled with significant IR injury, in the
hearts (IR GROUP). Neither apoptosis nor performance injury was detected in the
uninterrupted perfused (no ischemia) CONT GROUP. Known inhibitors of apoptosis,
including antioxidants (DTT GROUP, Zn** INJECTED GROUP), manipulators of protein
synthesis (CYCLO GROUP) and metals (Zn**PYR GROUP) were applied to the perfusate
to determine their effect on both active cell death, as well as IR injury. All proven
inhibitors of apoptosis did protect the IR hearts from active cell death. However, only the
DTT GROUP and the CYCLO GROUP showed protection from IR injury. The DTT
GROUP provided increased LVDP, decreased aortic root pressure, and decreased
diastolic pressure vs. the IR GROUP (ANOVA p<0.05). The CYCLO GROUP also
provided increased LVDP and decreased diastolic pressure (ANOVA, p<0.05).

The involvement of thiols in active cell death was explored. Neither glutathione
(GSH) nor protein sulfhydryls (PSH) were different among any of the groups (excepting
Zn**PYR and MCI) (ANOVA), providing evidence that the abundant apoptosis in the IR

group may not be related to thiol level.
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APOPTOSIS IN THE ISOLATED PERFUSED RAT HEART MODEL: INVOLVEMENT

OF REPERFUSION, OXIDANTS AND PROTEIN SYNTHESIS

Introduction

1. Myocardial Ischemia - General Background

Myocardial ischemia (MI) results from a decrease, or complete loss, of blood
circulation in a region of the heart. It can be the result of a mobilized thrombus, or any
form of occlusion in the coronary vasculature, and its severity is proportional to both the
size of the ischemic region as well as the duration of the ischemic episode. Most
postmortem examinations find that the predominant cause of myocardial infarction
causing death is a thrombus superimposed on preexisting atherosclerotic disease (1-4).
The mobilized thrombus is almost always due to the prior disruption of an atherosclerotic
plaque (5-9). Once the vasculature is occluded, the affected area receives a significantly
decreased oxygen and nutrient supply, and experiences impaired waste removal.
Depending upon the abundance of collateral circulation, the ischemic area may not
receive any oxygen or nutrients, and removal of waste products may cease entirely.

Clinical treatment of Ml includes thrombolytic agents, percutaneous transluminal
angioplasty, or bypass surgery to return blood flow to the region. Ironically, reperfusion
of an ischemic region, although essential for tissue salvage, has been shown to actually

cause additional tissue injury (10-14). Thought to be due primarily to the generation of




oxygen radicals early in the reperfusion period (15-18), this form of tissue damage is
appropriately termed “reperfusion injury".

Since this thesis explores possibie functional and biochemical consequences of
ischemic injury, the mechanisms of cardiac disfunction resuiting from ischemia will be
described below. The various components of M! will be described beginning with an
overview of ischemia. Reperfusion injury will be discussed in the context of oxygen free
radical (OFR) generation and its effects. The pathophysiological conditions which exist
in the human heart during the development of scar tissue will complete the section on

cardiac disfunction.

2. Cardiac ischemia and resulting injury

2.1 Ischemia

Cardiac ischemia is comprised of many components. Hypoxia results when the
supply of oxygen is not sufficient to meet the demands of the tissue and is thought to be
the most injurious element of ischemia, but decreased nutrient supply as well as
metabolic waste accumulation also contribute to the overall damage. The severity of
cardiac ischemia is dependant upon the degree, and duration, of flow interruption.
Collateral circulation may be available to provide decreased but adequate amounts of
oxygen, nutrients, and waste removal to the ischemic tissues. In circumstances of high

coliateral blood flow, partial reduction of perfusion has been shown to cause decreased



oxygen consumption accompanied by reduced contractile performance, but without a
corresponding reduction in the high-energy phosphate (HEP) content in isolated perfused
rabbit hearts (19). Similarly, restriction of coronary flow during inotropic stimulation
prevented the anticipated increase in contractile effort (20). These studies clearly
implicate limited oxygen delivery as a modulator of reduced myocardial contractile
function. This alteration of function appears to be independent of a detectable deficit in
high-energy phosphate stores.

In the human, life is dependent upon uninterrupted contractile function of the heart.
The average heart contracts 100,000 times in one day, pumping over 18,000 liters at a
systolic pressure of 120 mmHg. For this, the myocardium is aimost entirely depencant
upon aerobic metabolism for the creation of adenosine triphosphate (ATP) by
mitochondrial respiration.

The mitochondria occupy about 35% of the volume of a myocyte (21), reflecting
their importance to contractile function. Mitochondrial respiration occurs through use of
the electron transport chain within the inner membrane and is closely coupled to oxidative
phosphorylation. In the absence of adenosine diphosphate (ADP), little oxygen is used
but very little ATP is produced. However, when the myocardium is contracting vigorously,
a high concentration of ADP is present and O, consumption is high, producing large
amounts of ATP.

In the ischemic myocardium (due to cessation of coronary flow) the remaining
oxygen in any erythrocytes trapped within the capillaries, or bound to myoglobin, is

quickly consumed. Without oxygen as the final electron acceptor, the activity of the



electron transport chain decreases dramatically. In fact, the electron transport chain has
been shown to come to a standstill within the first 2 seconds of global ischemia in
isolated rat hearts (22). Nicotinamide adenine dinucleotide (NAD) reduction to NADH, has
also been found to begin within the initial 2 sec of ischemia (23,24). Glycolysis is
accelerated (due to an increase in both adenosine monophosphate (AMP) and inorganic
phosphate, and a decrease in ATP and citrate) but quickly slows as glyceraldehyde-3-
phosphate dehydrogenase activity is inhibited by increasing concentrations of NADH, H*
and lactate (25,26). In either moderate ischemia or high-flow anoxia this does not occur,
as both exogenous glucose and waste product removal are supplied to the tissue (27,28).
However, even if tissue is continually cleansed of waste, and glucose supply is
maintained, anaerobic glycolysis remains a very inefficient supplier of high-energy
phosphates. Only 2 molecules of ADP can be phosphorylated to ATP from the catabolism
of glucose to lactate. If glycogen is available, then an additional ATP molecule resuits,
producing 3 ATP’s per glucose. Compared to the 38 molecules of ATP created by the
complete oxidation of glucose to CO, and H,0 during aerobic metabolism, anaerobic
glycolysis can meet no more than 7% of the HEP requirements of the normal working
heart (27).

With continuing ischemia and the ultimate cessation of aerobic metabolism and the
inhibition of anaerobic glycolysis, the myocardium turns to the extremely limited stores of
HEP. Creatine phosphate (CP), ATP and ADP are all stored in the tissues, albsit in very
small quantities. CP has been found to be reduced by 33% after only 5 sec of ischemia

(29) and when completely exhausted, the adenylate kinase reaction (2ADP <-> ATP +




AMP) and the remaining stored ATP is sufficient for only 30 sec of normal heart
contractile function (30). Although the HEP demand is reduced by the depression of
contractile function within 15 sec of ischemic onset, electrical and other metabolic
activities (such as Ca** transport by the SR and sarcolemma, activity of the sarcolemmal
Na*, K'-ATPase, fatty acid CoA synthetase and the mitochondrial ATP-ase) continue to
consume ATP. Therefore in summary, the major metabolic effect of myocardial ischemia
is that HEP demands greatly exceed the rate of production leading to a rapid decline in
HEP's within the ischemic myocardium. CP stores are depleted within the first few
seconds of ischemia (31,32) and myocardial ATP declines nearly as quickly. Dog studies
showed that myocardial ATP was reduced to 35% of control values in severe regional
ischemia within 15 minutes and below 10% by 40 minutes (32,33).

After 10 minutes of severe ischemia, both ATP and ADP decline while AMP levels
increase through the adenylate kinase reaction. AMP may be further catabolized to
adenosine via the enzyme 5'-nucleotidase which is then converted to inosine by
adenosine deaminase. Both adenosine and inosine readily diffuse into the extraceliular
space where inosine may be catabolized to hypoxanthine and xanthine (by the enzymes
nucleotide phosphorylase and xanthine oxidase, respectively) see Figure 1. Histochemical
analysis has located these enzymes intracellularily within endothelial cells (34). Upon
reperfusion, xanthine is then able to enter a pathway which generates tissue damaging
oxygen radicals (discussed in section 3.3). In severe ischemia, nucleosides increase at
a rate coinciding with the decrease in adenine nucieotides. Therefore ischemia causes

not only the depletion of HEP's, but also the degradation of the adenine nucleotide pool



(33,35).

Metabolic end products such as lactate, inorganic phosphate and purine bases
(end products of adenine nucleotide catabolism) accumulate in ischemic tissue. Lactate,
the end product of anaerobic glycolysis, has been shown to alter action potentials and
decrease the tension in guinea pig ventricular myocytes (36) as well as cause
mitochondrial swelling (37) and inhibition of mitochondrial phosphorylation (38). H* also
accumulates as a result of several catabolic processes such as glycolysis, lipolysis and
ATP hydrolysis, and drives the pH of the tissue down into acidosis (39-41). A low pH in
ischemic cardiac tissue may protect the threatened HEP by decreasing the contractile
function of the heart (39,42,43). However, myocardial acidosis inhibits various metabolic
pathways, including enzymes of the anaerobic glycolytic pathway, thus limiting the
amount of ATP which can be synthesized from either glycogen or glucose in the early
stages of ischemia. The resulting increase in [H'], elevates Na‘*/H* exchange activity,
leading to a calcium overload in the ischemic myocardium (discussed in section 2.3).

The myocardium does contain small stores of energy in the form of triglycerides
(44), and as a resuit acyl CoA and acyl camitine may accumulate in the heart during the
initial stages of ischemia (45,46). However, the complete oxidation of fatty acids to water

and CO, occurs in the mitochondria and cannot proceed in the absence of oxygen.



2.2 Contractile fallure

Cardiac contractility decreases almost instantaneously upon the onset of ischemia.
In fact, contractile force is measurably decreased within the initial 10 sec of ischemia
(47,48) and is one of the earliest consequences of severe ischemia (49-51). it remains
unknown why there is such a marked reduction in cardiac contractility so early in the
ischemic episode. Logically, one would attribute this to tissue depravation of HEP, but it
has been determined that the onset of contractile disfunction occurs prior to any
substantial decrease in ATP (52,53). The notion that it is a small pool of ATP which may
be specifically depleted has been proposed (54,55) and there is evidence that ATP may
play a modulatory role in the control of passive ion fluxes across cellular membranes (55).
A slight decrease in ATP may inhibit Ca* influx across the sarcolemma and from the SR
thus impairing cardiac contraction and promoting early contractile failure.

The accumulation of metabolites has also been hypothesized to cause the
premature contractile impairment. Hydrogen ions may compete with Ca®* for the calcium
binding site on troponin (56) but again, the decreased contractility has been observed
prior to any significant measurable decrease in pH, (57-59). More convincingly, high-flow
anoxia (allowing metabolite removal) has produced the same decrease in in vitro cardiac
contractility as seen in ischemia (acidosis would also proceed more slowly because of the
presence of buffers in the perfusate). Koretsune et al. (60) proposed that contractility is
decreased due to impaired cross-bridge formation by inorganic phosphates (61) but as
with the other factors, contractile failure preceded any measurable rise in inorganic

phosphate. From these results, researchers have proposed that early contractile failure



is the result of a loss of intravascular pressure.

2.3 Caicium overioad

Ischemia has been proposed to result in an increase in cytosolic caicium (62-64).
This may be the result of increased Ca** influx from either the sarcoplasmic reticulum
(SR) or from extracellular spaces (65). A decrease in ATP may be one cause of the
calcium overload due to decreased active Ca** sequestering and extrusion. As earlier
stated, in the ischemic myocardium it is the Na’/H" exchange that is thought to play the
principal role in pH regulation. This protein removes hydrogen ions, but at the expense
of increasing [Na‘]. It has therefore been proposed that the Ca** enters the cell as a
result of Na" extrusion by the Na'/Ca** exchange. This is particularly harmful to the
myocyte because caicium is known to activate a variety of proteases, lipases and
phospholipases (66) as well as increase the ATP deficit by activating various ATPases
(62,63). Calcium aiso inhibits oxidative phosphorylation in the mitochondria (67) and
causes hyper-contraction of the myocytes leading to contraction band necrosis (discussed

in section 2.4).

2.4 Pathophysiology of 2 Human Myocardial Infarct

A myocardial infarct develops after about 40 minutes of ischemia in the human.
The resuit is an area of cell death in which contractile function has ceased permanently,
surrounded by the portions of the ischemic "area at risk" which remain viable, and are

potentially salvageable. The ultimate size of the infarct depends on the fate of the "area




at risk", as cell death increases with time and extends the boundaries of the infarct.

A typical human myocardial infarct affects the left ventricle and may be transmural
(involving the full thickness of the wall) or subendocardial (limited to the inner half of the
myocardium). During the healing process, the infarct undergoes a series of changes
beginning with the appearance of a cyanotic bruise. Cellular edema sets in followed by
an inflammatory response with leukocyte infiltration within the first 24 hours of ischemia.
The release of cardiac enzymes occurs, followed by tissue degradation and removal of
necrotic fibers. Gradually fibrous connective tissue replaces the necrotic muscle and the
wall undergoes subsequent thickening over a 6 week period as the scar is developed.

Myocardial infarction significantly decreases ventricular contractility as a resuit of
the complete loss of contraction in the infarcted zone, and decreased contractility in the
boundary of the infarct (area at risk). Functionally, myocardial infarction of the left

ventricle results in:

1) Reduced contractility of the ventricle.

2) Abnormal wall motion.

3) Altered ventricular wall compliance.

4) Reduced stroke volume.

5) Diminished ejection fraction.

6) Elevated ventricular end-systolic and end-diastolic volumes.

7) Increased left ventricular end-diastolic pressure.




Areas of cardiac infarction typically do not display any functionality due to the
necrotic state of the tissue. This lsads to a reduction in the overall contractility of the
ventricle (measured by this study as a decreased LVDP) and abnormal wall motion
(because some parts of the ventricle may not contract). This disfunction is manifested in
a reduced stroke volume and because the end-systolic and end-diastolic volumes are
elevated, a decreased ejection fraction. Areas which were ischemic and are not infarcted
display indications of a calcium overload. Altered ventricular wall compliance and
increased left ventricular end-diastolic pressures result from the hypercontracture of the

cardiomyocytes due to elevated intracellular calcium.

Section 3

3.1 Reperfusion Injury-General Comments

Although vital to tissue salvage, reperfusion of previously ischemic myocardium
has been shown to cause injury. Studies have determined that following reperfusion,
various cardiac disorders occur in the myocardium. Cardiac arrhythmias (68-71), altered
metabolism (71-73) and decreased contractile performance (74-77) all occur following
reperfusion of an ischemic heart. First defined by Rosenkranz and Buckburg (78) as
referring "to those metabolic, functional and structural consequences of restoring coronary
flow that can be avoided or reversed by modification of the conditions of reperfusion”,
reperfusion injury implies the manifestations of injury which may not have been present
immediately before reperfusion. Lethal reperfusion injury refers to the death of myocytes

which were viable prior to reperfusion.
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An altemnative explanation for reperfusion injury is that the cellular damage which
occurs during reperfusion (explosive cell swelling, enzyme washout, massive calcium
overload, and contraction band necrosis) is a result of injuries which occurred during
ischemia and are postmortem manifestations of an injury made possible by the presence
of large volumes of plasma or calcium (79,80). Therefore, reperfusion simply accelerates
the development of injuries sustained during the ischemia.

If one considers that lethal reperfusion injury is a result of reperfusion alone, or that
reperfusion superimposes a new injury upon damage which occurred during ischemia,
then there are three pathways which are possible mechanisms of reperfusion injury.

First, the cellular acidosis which exists during ischemia may contribute to a calcium
overload by Na‘'/H" exchange followed by Ca*'/Na* exchange (see section 2.3). With
reperfusion, contraction band necrosis and mitochondrial calcification can result from this
calcium overioad (81-83). The hyper-contracture of the myocytes may then contribute to
the rupture of the sarcolemma. However, it has been proposed that much of the Ca** may
enter the cell through already existing gaps in the disrupted sarcolemma (84). If this is
correct, then a small Ca*" overload may induce hyper-contracture of the myocytes,
iwrinering sarcnlemmal destruction.

As discussed in section 2.3, a calcium overload may also have serious
consequences for myocytes through activation of various proteases, lipases,
phospholipases, and ATPases (62,63,66). Also, ATP synthesis (by mitochondrial oxidative
phosphorylation and ATP synthetase) is inhibited by the precipitation of Ca** with

phosphate and its subsequent accumulation in the matrix space of the reoxygenated
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mitochondria. Compared to the modest calcium overioad detected during ischemia
(discussed in section 2.3), reperfusion induced Ca® overload cannot be reversed by
further reperfusion. In contrast, the ischemia-induced Ca?* overload has been determined
to occur during the reversible stages of cellular injury, and can be eliminated by
reperfusion (85-89), restoring normal Ca** homeostasis. For this reason, Ca?* overioad
during ischemia is thought to be non-lethal.

The second pathway by which reperfusion may induce cellular injury is through the
increased osmotic gradient known to occur during ischemia. This elevation in intracellular
osmotic pressure is the result of accumulated catabolites which draw in plasma water
when presented with unlimited flow. The combination of osmotic swelling with an already
weakened cellular membrane may result in rupture of the membrane (90-92).

Third, free radicals from many sources are known to be produced upon
reperfusion. As shown above, adenine nucleotide catabolism during myocardial ischemia
results in an increase in hypoxanthine and xanthine. Upon reperfusion, the reintroduction
of oxygen results in the production of oxygen free radicals (OFR) such as the superoxide
radical (O,). A Ca®" activated protease is used to convert xanthine dehydrogenase to
xanthine oxidase, allowing production of the radical to occur. This system is summarized
in Figure 1 and is a major component of the oxygen paradox, discussed below. OFR's
have been proposed to injure the sarcolemma (93) and thus may contribute to the cellular
damage which occurs during reperfusion. Moreover, polymorphonuclear leukocytes

(PMN's) accumulate in the damaged area and release injurious oxygen free radicals.
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FIGURE 1. Ischemia is proposed to cause: A) The accumulation of hypoxanthine from the
catabolism of adenine nucleotides during ischemia. B) The conversion of xanthine
dehydrogenase to xanthine oxidase (XO) by a Ca?* activated protease (the Ca?* derives
from the calcium overload typical of cardiac ischemia). Upon reperfusion, the superoxide
radical (O,") forms from the XO catalyzed reactions converting hypoxanthine to xanthine
and then xanthine to uric acid.

13
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3.2 The Oxygen Paradox

The oxygen paradox occurs in reperfused hearts following a period of hypoxia. As
shown in isolated perfused hearts, perfusion with normoxic buffer following an hypoxic
episode causes extensive cell swelling, contraction band necrosis and massive enzyme
release (94,95). Reoxygenation of anoxic cultured myocytes has shown similar
consequences (96,97). These studies have shown that it is the withdrawal, and
subsequent return of oxygen, not the return of flow, to the ischemic tissue which causes
the cellular disruption. Thus, in the presence of cyanide or dinitro-phenol to inhibit cellular
respiration, reoxygenation of hypoxic tissue has not resulted in similar ceil damage
(98,99), suggesting the involvement of OFR's.

A "free radical" is by definition, a molecule with a very reactive unpaired electron.
Free radical damage has been implicated in the oxygen paradox, although in some
models anti-oxidants have proven ineffective (100). At present, it is believed that OFR's
may be produced by a variety of mechanisms, and are not the result of the oxygen

paradox alone.

3.3 Oxygen Free Radical Generation in Reperfusion
Many reactive oxygen metabolites are produced in various biological systems
which are potentially harmful to living cells (101). Superoxide anion (‘0,’), the hydrox;

radical (OH), and hydrogen peroxide (H,0,) are all generated in living tissues. In addition,
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the OFR's released from leukocytes to attack harmful bacteria (102) have proven to
damage the affected tissues (103). OFR's have been implicated in reperfusion injury
following cerebral and intestinal ischemia (104-106), circulatory shock (107), organ
transplantation (107), skin flap grafting (108), and pulmonary hyperoxia (109). There has
been extensive research over the past several years to determine if OFR's are generated
in the reperfused myocardium and through which mechanisms.

Free radicals have been detected in the initial few seconds of reperfusion in
isolated perfused hearts, and intact dog hearts subjected to ischemia and reperfusion
(110-112) using electron spin resonance (ESR) spectroscopy. Their source remains
controversial, but it appears that most are derived from superoxide as the addition of
superoxide dismutase prevents this occurrence (69,113-117). The superoxide anion can
be produced by a number of mechanisms: the xanthine oxidase reaction, mitochondrial
respiration, arachidonic acid metabolism, catecholamine oxidation, and NADPH oxidase
in neutrophils. Similarlily, hydrogen peroxide (H,0,) may be produced by the xanthine
oxidase reaction as well, but also from the reduction of O* by the enzyme superoxide
dismutase. The subsequent accumulation of H,0, is prevented by the antioxidant
enzymes catalase and glutathione peroxidase, both of which result in the reduction of
H,O, to water. However, ischemia is reported to reduce the activity of the above enzymes
(118,119), and when combined with increased superoxide production, the endogenous
defenses of the cell may be overwhelmed. If this occurs, ‘OH may be produced from the
combination of ‘O,- with a metal (eg. Fe** or Cu*), or H,0, with a similar metal, through

the Haber-Weiss reaction:
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.02- + Mn* - 02 + M(n-1)0

M®™? + H,0, —-> M™ + ‘OH + OH

‘0% + H,0, —> 0, + OH + OH

Although OFR's may originate from many sources, the two which have received
the most attention are the xanthine oxidase reaction as weli as neutrophils which have
accumulated in the injured tissue. As detailed in section 3.2, the xanthine oxidase
mechanism of OFR generation produces ‘O, and H,0, from the oxidation of hypoxanthine
to xanthine and then to uric acid (93). However, this mechanism is species specific and
although likely to occur in humans (120), dogs (121-123) and rats (124,125), is unlikely
to cause lethal reperfusion injury in other species like rabbits (126) and pigs (127) in
which xanthine oxidase activity is undetectable biochemically.

However, accumulated neutrophils are believed to be a ubiquitous feature of
reperfusion in all species. A component of the inflammatory response, neutrophils release
potent OFR's to degrade tissue in preparation for scar formation. As neutrophils produce
‘0, (through the NADPH oxidase system), H,0, (by the dismutation of superoxide), and
hypochlorous acid (HOCI by the myeloperoxidase system, MPO) they may injure nearby
viable cells as well as the cells which were targeted. Neutrophil granules also contain a
number of proteolytic and lipolytic enzymes such as elastase, collagenase, acid
hydrolases, and phospholipase A, which may be released into the extraceliular space,

inducing a reperfusion induced degradation of tissue (128-132). In addition, neutrophils
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may become lodged in capillaries, plugging the vasculature and increasing the injury

(133).

3.4 Free Radical Action and Injury in the Myocardium.

Regardiess of source, the production of OFR's is harmful to many components of
the affected tissue. One of the key challenges of OFR investigation is determining the
target for oxidative damage. For example, the primary target of ‘O,” and ‘OH may be
polyunsaturated fatty acids (134,135). Thus, the polyunsaturated fatty acids of membrane
phospholipids may incur OFR damage and subsequently lose fiuidity causing reduced
membrane fluidity and decreased protein function. This proceeds through the following

reaction, where LH is the fatty acid and .R is the reactive oxidant.

LH+R->1L+RH

The combination of the fatty acid and the reactive oxidant creates a lipid radical (L) which

then can react readily with oxygen to form a peroxy radical (LOO).

L +0,->100
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The peroxy radical is free to attack a nearby fatty acid, forming hydroperoxide (LOOH)

and another lipid radical.

LH + LO0O —>LOOH + L

Damage to membrane lipids may alter the conformation (therefore the function) of
membrane-bound protein complexes like ion channels and pumps. This reaction may
propagate until two radicals unite to terminate the chain reaction, forming a non-radical
product (LOOL or LL). Alternately, a radical may be quenched by reacting with a
stabilizing agent such as a-tocopherol (136).

Proteins may also be directly damaged by OFR's. Chain scission, amino acid
oxidation and creation of disulfide bonds may result from protein exposure to OFR's, all
of which impair proper function. The most likely targets are the thiol and aromatic ring
containing amino acids cysteine, methionine, histidine, tryptophan, phenylalanine, and
tyrosine (137-144). OFR's have been reported to interfere with the function of the
Ca*ATPase (142) of the SR, and the Na*, K'ATPase (145-147) which could contribute
to impaired myocyte contractility and altered action potential propagation, respectively.
The Ca®**ATPase contains 26 cysteine residues, accounting for almost 95% of the
sulfhydryl groups in the SR making it the most vulnerable target. Nucleic acids are also
targets of OFR's. Hydroxyl radicals may cleave RNA or DNA strands by attacking the
ribose-phosphate backbone of the molecule as well as modifying the nitrogenous bases

(148-150).
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CELL DEATH

4.0 General Comments on Cell Death

Cell death was defined by Buja et al. (151) as being the "irreversible loss of vital
cellular structure and function". Cell death is a physiological process which occurs during
organogenesis in embryos, in the final stages of the cell cycle in adults, and as a
pathological response to various injuries (151). Investigation into this fundamental

phenomenon has revealed that there are two distinct forms of cell death, necrosis and

apoptosis.

4.1 Necrotic cell death

When cells die immediately upon exposure to an overwhelming insult, no
preliminary morphological alterations are detectable. An example of instantaneously
occurring cell death is the chemical fixation of tissues. However, in living organisms, cells
suffering from irreversible cellular injury do exhibit morphologically and metabolically
detectable changes. These events are exaggerated by the degradative reactions that
follow cell death. The process by which ceils die following irreversible cellular injury in
living organisms is termed necrotic cell death.

Cells dying necrotically, usually swell rather than shrink. Cellular fragmentation
occurs in the late stages and resuits from autolysis (activation and subsequent release

of lysosomal enzymes), and heterolysis (due to actions of inflammatory cells infiltrating
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necrotic tissue) following cell death. Various forms of necrosis are known to occur.
Coagulation necrosis results from the denaturation and coagulation of cellular proteins
and is the pattern of pathological cell death which normally occurs in response to
prolonged ischemia, hypoxia, chemical toxins, infections, and trauma (152). Colliquative
necrosis occurs in tissue which has a very low level of protein (eg. brain), and resuits in
the rapid liquification of tissues due to both the poor protein content and the abundance
of hydrolytic enzyme activity (151).

It appears that the transition between reversible and irreversible injury in necrosis
("the point of no return”) is closely related to both HEP and ATP depletion (153) in the
myocardium. These metabolic changes are accompanied by a characteristic series of
morphological changes as well. Cytoplasmic edema manifested by a decrease in
cytoplasmic density precedes blebbing of the basal membrane and subsequent nuclear
chromatin condensation. During these stages, the cell remains salvageable. Irreversible
cellular injury occurs with additional morphological changes such as advanced alterations
in nuclear chromatin, mitochondrial lesions including amorphous matrix (flocculent)
densities (composed of osmiophilic aggregates of lipid and protein), linear densities
(fusion of mitochondrial cristae) and dense calcium phosphate deposits; and physical
defects (breaks) in both the plasma and the organelle membranes (154,155). Because
these changes are all consistent with progressive membrane damage, injuries applied to
membranes are thought to be a key event in the pathological process of irreversible
cellular injury in necrosis. There has been extensive research into the pathophysiology

of membrane injury and it has been determined that 3 stages are invoived, briefly: (1)
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initially discrete alterations in the ionic transport systems of membranes, (2) membrane
permeability is increased (non-specific) and (3) there is finally a distinct physical
membrane disruption.

As indicated in section 3.3, various forms of cell injury are accompanied by the
increased production of OFR's, which then are known to cause the disruption of
membranes and proteins described above. Thus, the plasma membrane and the
membranes of organelles become abnormally permeable and significantly altered as a
result of disruptive phospholipid metabolism, which is magnified by the effects of
amphipathic lipids and lipid peroxidation.

The cytoskeletal filaments may also become injured and indirectly damage
membranes. Normally the filaments stabilize membranes and modulate function of the
plasma membrane by connecting it with the interior of the cell (156,157). An example of
this in the in vitro ischemic myocardium is the cytoskeletal protein vinculin which was
reported to decrease during ischemia, causing membrane damage (158). Postulated to
be a result of proteases, the precise cause of cytoskeletal damage has yet to be
determined. It is also possible that the cytoskeletal-membrane connections may be
involved. In any event, it is likely that disruptions in the cytoskeleton further destabilize
the already altered plasma membrane and increase the prevalence of actual membrane
disruption during severe swelling. In the ischemic myocardium, celis progressively swell
due to intracellular water accumulation caused by the increasing osmotic load (due to
metabolic end product accumulation) on the cell. The cellular swelling provides a stimulus

for membrane disruption (S0). In this case, rupture of the cell membrane represents the
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final stage in the progression of a damaged, but still salvageable, cell into a state of
irreversible injury.

itis thought that the moderate Ca** overload which occurs in ischemic hearts and
the much more significant Ca?* overload which occurs upon reperfusion (see section 2.3)
plays an important role in irreversible injury. Briefly, calcium overload may occur because
of: (1) altered Ca** membrane permeability of the slow Ca** channel and other calcium
transporters, as well as (2) a decrease in ATP dependant Ca?* reuptake into the SR and
(3) a release of calcium from the mitochondria. The increase in Ca?* may have several
deleterious effects, including activation of phospholipases and proteases (promoting
membrane damage), activation of ATPases (furthering ATP depletion), and mitochondrial
calcium accumulation (reducing ATP production).

Therefore, in summary, cellular necrosis occurs when the cell is exposed to an
environment, or an insult, which it cannot survive. The cell swells, then lyses as a resuit
of both membrane failure and increased water influx. The membrane may fail either as
a result of direct injury from OFR's and toxic species, or indirectly from cytoskeletal
damage effects, and the increased osmotic load. Regardless of the cause, membrane
disruption is considered to be the transition stage between reversible injury (cell still

viable) and irreversible injury. A calcium overload is often correlated with this process.
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4.2 Necrotic death in the Ischemic Reperfused Heart

If the ischemic myocardium is reperfused (either by spontaneous physiological
means or by clinical intervention) during the early, reversible, stages of ischemic injury,
the cells may eventually recover. However, if the reperfusion occurs after the "point of no
return” (usually membrane disruption), the restored biood flow causes massive calcium
overload, rapid structural failure and cell lysis leading to necrotic death termed contraction

band necrosis (80,159,160).

4.3 Apoptosis-General Comments

Apoptosis has emerged recently in the forefront of medical research. It has been
implicated in many diseases such as cancer (161,162), AIDS (163-167), stroke (168-171)
and neurodegenerative disorders such as Huntingtons, Parkinsons and Aizheimers
(172-177). In contrast to the different forms of necrotic cell death, cells undergoing
apoptosis proceed through a genetically predetermined set of steps in the process of
cellular suicide. The morphological features of this form of active cell death have been
observed for over one hundred years. These include cell shrinkage with loss of
neighboring contacts, chromatin condensation, nuclear fragmentation followed by cellular
budding and subsequent digestion by dedicated phagocytes (thersby avoiding an
inflammatory response). The DNA of apoptotic cells is typically fragmented at intervals
of 180-200 base pairs as a result of specific endonuclease cleavage (178,179), allowing
simple detection by DNA electrophoresis. These events are genetically defined and are

thought to spare the surrounding tissue the exposure of the dangerous cytosolic contents
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released during necrotic cell death (180). This distinct form of cell death was virtually
ignored until 1972 when Kerr et al. (181) re-examined this phenomenon and named it
apoptosis. Generally, active cell death has been believed to require active RNA and
protein synthesis. However, it is now thought that the process of apoptosis may be more
complicated and is carefully regulated by a balance between activators and suppressors
of apoptosis (182-185).

Of the numerous known activators of apoptosis the two most relevant to this study
are OFR's and agents capable of affecting protein synthesis. A number of proteins such
as ced-3, ced-4 (ced stands for cell death defective) and p53 (183) may be turned on by
oxidants (186,187), endocrine factors (188) or glucocorticoids (189) and are known to be
involved in apoptosis. Due to their relevance to this project, the influence of OFR's and

protein synthesis will be discussed below, respectively.

4.4 The role of Oxidants in the Apoptotic Process

Oxidants have been shown to play an important role in the mediation of apoptosis.
Oxidant generating mechanisms (radiation, metabolism, ischemia, neutrophil activation,
active overstretching) have all been shown to induce apoptosis (177,190-195) while
antioxidants have been proven particularly effective in protecting against programmed cell
death (196-199). For example, antioxidants can protect against apoptosis in lymphocytes
(200,201), thymocytes (202-204), neurons (199,205,206), myocytes (195,207), and
endothelial cells (208,209), possibly by altering gene expression, as has recently been

shown with the antioxidant N-acetylcysteine (NAC). Interestingly, rather than acting as a
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scavenger of OFR's, NAC was found to activate a suppressor of apoptosis, thereby
inhibiting apoptosis.

The endogenous cellular antioxidant and reductant, glutathione (GSH), may also
play a role in apoptosis. Decreased levels of GSH, signaling the presence of oxidants,
may contribute to the activation of apoptosis. However, the role of GSH may be more
complex than originally thought. For example, a recent study (210) has shown that GSH
is decreased in human monocytic ceils during programmed cell death without the
intracellular or extracellular accumulation of oxidized GSH, glutathione disuifide (GSSG).
In this study it was found that GSH was extruded during apoptosis and the observed
decrease in GSH was not oxidant-mediated. In another study, the depletion of GSH failed
to induce immediate programmed cell death (211). One study found decreased apoptosis,
but increased necrosis, following GSH depletion (212). It is therefore likely that GSH does

not play a direct role in some forms of apoptosis (213,214), but may do so in others.

4.5 The Role of De Novo Protein Synthesis

The role of de novo protein synthesis in apoptosis is presently controversial. Some
apoptotic signalling pathways appear to require the synthesis of new proteins (215-218).
However, other models of apoptosis apparently do not. For example, one study has
suggested that de novo protein synthesis (in thymocytes) is primarily responsible for
suppressor activity and any promotion of apoptosis due to a translationa!l inhibitor is a
result of the decrease in suppressor expression (219). This suggests that the apoptotic

apparatus is always active in this model, but is continually depressed due to apoptotic
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inhibitors, and indicates that proteins regulating the apoptotic process (both suppressor
and enhancer) are continually expressed and need only activation to commence their
task. It was determined by this study that the transiational inhibitors may only be delaying
the onset of apoptosis and that any protective effect observed may be temporary.
Therefore, in summary, the role of de novo protein synthesis in apoptosis is not likely the
creation/activation of a single set of proteins as previously thought. Instead, the synthesis
of proteins which either inhibit or promote apoptosis may be balanced to produce the

desired effect.

4.6 Apoptosis in the Reperfused Myocardium

It is widely accepted that necrotic death is abundant both during ischemia and
following reperfusion in the myocardium. As described in section 4.1, necrosis results
from a severe cellular trauma and causes the destruction of the cell membrane and
subsequent release of cellular contents (151,174). This poses a threat to neighboring cells
as some of the spilled contents are toxic, as well as proteolytic. Presently, there is a great
deal of interest in whether apoptosis is also present in the ischemic and reperfused
myocardium. Apoptosis in in vivo ischemic cardiomyocytes has been documented
(220,221), while programmed cell death in the reperfused myocardium has been found
in rabbits (207), rats (10,221) and recently, humans (222,223). It is now apparent that
apoptosis is likely to be the predominant form of early cell death in the ischemic
myocardium (220,221,223), or reperfused heart (221), and can occur as early as 2-3

hours following the commencement of the ischemic episode (220,221).
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The acute effect of cardiac myocyte apoptosis on cardiac function is unknown.
Although this form of cell disintegration ultimately resuits in the demise of the myocyte,
it remains speculative as to what stage, or amount, of apoptosis is required before a
global myocardial performance deficit becomes detectable. As well, to date no one has
examined the performance characteristics of a single apoptotic myocyte.

The importance of blood borne agents (such as neutrophils) in reperfusion induced
apoptosis has been questioned. In both the reperfused and the permanently occiuded
heart (no reperfusion), neutrophil activity increased similarly over normal heart tissue
(221). Briefly, that study involved the ligature of the left anterior descending coronary
artery, with various durations of occlusion and reperfusion. Reperfusion was obtained by
removal of the ligature. In the reperfused myocardium, apoptosis was observed after only
one hour of reperfusion following a 45 minute occlusion, in the permanently occiuded
myocardium, it was necessary to maintain the occlusion for a period of 2 hours and 45
minutes before apoptosis was visible. In this study, myeloperoxidase activity (an index of
neutrophil activation) of the permanently ischemic and reperfused regions did not differ,
suggesting that neutrophils were able to infiltrate the ischemic region without the aid of
reperfusion during this time period. Thiol levels were significantly lower in both the
ischemic and reperfused myocardium, possibly the resuit of neutrophil OFR's generated
upon reperfusion. Another study (224) found that as the duration of ischemia increased,
MPO activity increased as well. Neutrophil accumulation was quantified and found to be
accurately represented by MPO activity, providing evidence that neutrophil activity may

be similarly elevated in ischemic and reperfused tissues. A study by Buerke et al. (10)
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used Insulin like Growth Factor-l to decrease neutrophil adhesion after myocardial
ischemia and showed a correlation between the decrease in neutrophil accumulation and
a decrease in reperfusion induced apoptosis. It therefore appears likely that the OFR's
released during the inflammatory response increase apoptosis and that activated
neutrophils may have a significant role in this process. However, this is controversial as
one study found neutrophils did not potentiate apoptosis in reperfused rabbit hearts (207).
To date no study has attempted to examine apoptosis in an isolated organ model, such
as the isolated perfused heart in which neutrophils would not be expected to play a role.
Removal of blood born agents would allow study of only the intrinsic modulators of
apoptosis while aiso permitting the exploration of the mechanisms of induction of

programmed cell death.

4.7 Involvement of Zinc in Apoptosis

Apoptosis has been found to be attenuated by metals such as Zn** (225-230), Cu®
(231), Ca* (229,230,232,233), Fe** (208,231) and Cd** (231,234). Of these, the role of
Zn* is particularly intriguing. It is well documented that Zn* can inhibit apoptosis,
possibly by inhibiting the Ca*-dependent endonuclease responsible for DNA
fragmentation in cells (228). Interestingly, in the brain model of ischemia induced
apoptosis, the CA3 region of the hippocampus appears to be resistant to apoptotic celi
death, and is also the region which contains the highest amounts of intracellular Zn?".

In addition to inhibiting endonucieases, zinc may also block apoptosis by

preventing the production of OFR's. For example, a recent study used Zn** to prevent the
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generation of OFR's by inhibiting the catalysts necessary for OFR generation (235)
showing that Zn** protected cardiac tissue following an ischemic episode by decreasing
the formation of ‘OH radicals. Studies have found that Zn** reduced OFR generation, as
detected by spin trap techniques (236), presumably by blocking the ability of Cu** and
Fe* to catalyze OFR generating redox reactions. This antioxidant property of Zn?** may
therefore protect against apoptosis, in view of the well established ability of OFR to cause
apoptosis in many cell types (195,199,201,202,237).

As well as inhibiting specific endonucleases and oxidant generating mechanisms
involved in apoptosis, zinc may function directly as an antioxidant by binding to, and
protecting, the vulnerable sulfhydryl groups (eg. cysteine residues) in proteins. This has
been most successfully documented by studies using the enzyme §-aminolevulinate
dehydratase (238). A very strong relationship was found between thiol status and enzyme
activity. As the protein thiols were oxidized, enzyme activity decreased. Addition of zinc
prevented this oxidation and the subsequent functional impairment. This protection has
been attributed to the prevention of thiol oxidation in cysteine residues. The antioxidant

abilities of zinc may therefore decrease apoptosis by preventing oxidative stress.

4.8 Zinc induced metallothionein expression
Still another possible mechanism for protection against apoptosis by Zn?* is by the
synthesis of metallothionein (MT). Numerous studies have shown that Zn?* can induce

the synthesis of this thiol-rich, metal-binding protein (239,240). The amino acid
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composition of MT consists of 25-30% cysteine residues. MT is present in four different
isoforms, none of which contains any disulfide bonds under normal reduced conditions.
MT | and Il are present in the brain and the peripheral tissues. Type lll is located aimost
exclusively in the brain, but is present in minute quantities in the pancreas and the
intestine. Isoform [V is found only in tissues containing stratified epithelial cells. Because
MT is so rich in thiols, it possesses strong antioxidant properties (241-243).

Studies have confirmed that MT can serve as an antioxidant (242,244,245).
Transgenic mice overexpressing MT have shown a decreased susceptibility to the potent
oxidant NO (242), suggesting that MT thiols served as antioxidants. Although numerous
tissue culture studies have demonstrated a similar effect in vitro (246), to the best of our
knowledge no one has successfully induced MT overexpression in the rat myocardium
(247).

Interestingly, the oxidation of MT thiols can release the bound metals. Seven zinc
atoms may be bound to the thiols of a single MT protein, all of which are in groups of
cysteine residues called zinc clusters. The oxidation of these clusters forms disulfide
bonds and liberates the bound zinc (143,243,248). Since free zinc is known to provide
antioxidant protection, it may be that this mobilization of zinc offers a second form of
protection against apoptosis.

Therefore, this thesis hypothesizes that apoptosis may be detrimental to the acute
post-ischemic cardiac performance measured by this study. As well, this work explored
the possibility that, by modulating apoptosis, the post-ischemic decrease in performance

would also be altered.
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PROJECT OBJECTIVES:

In view of the increasing importance of apoptosis as a mechanism of cell death in
the myocardium, it is clear that a better understanding of the mechanisms of apoptosis
may offer opportunities for effective therapeutic intervention. Unlike the in vivo model of
myocardial ischemia, where numerous systemic functions may obscure the myocardial
processes, an in vitro model offers a better opportunity to investigate apoptosis
specifically in the myocytes.

Therefore, | explored the role of apoptosis in ischemic injury in an isolated buffer-
perfused rat heart model. The isolated perfused heart allows easy monitoring of
myocardial function without the confounding influences of normal blood constituents such
as leukocytes, erythrocytes, platelets, endocrine factors, plasma proteins and fibrinogen,
all of which may obscure the apoptotic process. The Langendorff apparatus permits easy
and accurate manipulation of the conditions involving ischemia and reperfusion, as well
as the introduction of therapeutic agents.

Perhaps the greatest benefit of the Langendorff apparatus is that it permits the
monitoring of contractile performance. This allows an accurate and rapid determination
of cardiac function, and the effects on performance of various agents.

Apoptotic manipulation by oxidants and antioxidants, as well as inhibitors of protein
synthesis was attempted in this study, and the performance of the hearts was correlated

with a number of biochemical parameters such as protein oxidation and DNA

fragmentation.
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The objectives of this study were therefore to:

1) Develop an in vitro model of ischemia-induced apoptosis in an isolated

perfused rat heart.

2) Using the in vitro model, determine the effects of compounds known to
inhibit apoptosis such as antioxidants and inhibitors of protein synthesis.

3) Determine if there is a correlation between apoptosis and contractile

performance.
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METHODS

Langendorff isolated perfused heart

Male sprague Dawley rats (275-325g) were anesthetized using sodium
pentobarbital injection (65 mg/kg body weight) and their hearts were chilled and rapidly
excised. The hearts were cannulated and perfused retrogradely through the aorta at a
rate of flow required to provide an aortic root pressure of 50-55 mm Hg, using a peristaltic
pump, with Krebs Ringer (KR) buffer (120mM NaCl, 10mM glucose, 4.8mM KCI, 2.5mM
CaCl,, 1.2mM MgSO,, 1.2mM KH,PO,, 25mM NaHCO,, 0.5mM EDTA) at 37°C, bubbled
with 5% CO, in 95% oxygen. Hearts were paced using a grass stimulator at 280 bom. A
water filled celiophane balloon inserted through the mitral valve, was used to monitor
both the peak systolic and end-diastolic pressures using pressure transducers and a
Grass recorder/polygraph. The left ventricular developed pressure (LVDP) was calculated
as the difference between the peak systolic and end-diastolic pressures, with higher
values representing increased contractility and thus a greater stroke volume in vivo.
Typical tracings appear in Figure 2 and indicate systolic and diastolic pressures. The
perfusion pressure was monitored visually using a mercury manometer. All hearts began
the ischemic insult with a perfusion pressure between 50-55 mm Hg, a minimum peak
contractile force of 80 mm Hg and a resting tension of 8 to 12 mm Hg following a 15

minute equilibration period.
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FIGURE 2. A photograph of a typical tracing showing the contractile properties of the
isolated perfused rat heart. The maximal height obtained represents the peak tension
associated with systolic pressure while the minimum pressure indicates the resting
tension, or diastolic pressure. Seen below the tracing is the time scale, where each large
line represents one minute. At t=9 min, the heart was rendered ischemic for a period of
6 minutes. The contractility is determined by relation to the scale (in mmHg) This tracing
does not represent data collected for any of the protocols in this study and is shown
merely as an example of the recordings taken.
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The ischemic insult consisted of a 30 minute period of complete cessation of flow
to the heart. During ischemia, the heart was maintained at 37°C in a thermostat-regulated
chamber while humidified nitrogen was passed through the chamber to maintain an
oxygen deprived environment. Following the ischemic insuit, hearts underwent 4 hours
of reperfusion. Rat hearts were subjected to various treatment protocols to monitor the

effect on apoptosis. The number of hearts per group varied (minimum of three). The

groups were as follows:

Control (CONT): Hearts were perfused with KR buffer without
ischemia

Reperfused (IR): Hearts were subjected to ischemia and
reperfusion

DTT (DTT): the reducing agent and antioxidant dithiothreitol
(10 uM-final concentration) was included to the perfusate for
the first hour of reperfusion

Monochloramine (MCI): the oxidant monochloramine (0.1
uM-final concentration) was added to the perfusate for the first
3 h of reperfusion.

Zn**-pyrithione (Zn PYR): the zinc ionophore Zn**-pyrithione
(0.1 uM-final concentration) was added to the perfusate for 30
min prior to ischemia and for the first 30 min of reperfusion.

Cycloheximide (CYCLO): 10 uM (final concentration) of the
protein synthesis inhibitor cycloheximide was added to the
perfusate for 30 min prior to ischemia and for the entire 4 hr
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duration of the reperfusion.

Zn* injected (Zn INJ): rats were injected intraperitoneally
with zinc (10 mg Zn/kg BW in 3mL sterile saline) 18 h prior to
excision of the hearts. Hearts were subjected to ischemia and
reperfusion as in the IR group.

Non-Perfused (NP): hearts were removed from untreated rats
and were immediately frozen for future analysis without any
perfusion.

The protocols described above are summarized in Figure 3
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FIGURE 3. The treatments appearing on the left side of the diagram were applied during
the time indicated by the solid bars. The shaded vertical bar represents 30 minutes
ischemia while the thin horizontal lines represent perfusion (pre-ischemic and
reperfusion). CONT GROUP hearts were not subjected to ischemia while the IR GROUP
and the Zn INJECTED GROUP did not receive any treatment (beyond the ischemic
episode) during the experimental protocol. DTT, CYCLO, ZnPYR and MCl treated hearts
received the respective treatment during the time indicated by the solid horizontal bars.
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Tissue homogenization and freezing

Following reperfusion, the hearts were chilled rapidly, and were cut transversely
into 2 parts, apical and basal. The apical portion was frozen rapidly over dry ice in
preparation for cryostat sectioning and In-Situ-End-Labelling (ISEL). The basal part was
homogenized using a polytron at 10,000 rpm for 30 seconds in an equal volume of
phosphate buffered saline (PBS) at 0°C, containing 0.5 mM PMSF and 10% glycerol. The
crude homogenate was frozen for future DNA extraction and electrophoresis, and DTNB

assays (see below).

DNA extraction and electrophoresis

Frozen homogenates (100 ul) were treated with 1.25 ml of lysis buffer (10 mM Tris-
HCI, 10 mM EDTA, 75 mM NaCl, 0.5% SDS, pH 8.0) at room temperature for 15 minutes
in a 1.5 ml Ependorff tube and then spun in a microcentrifuge at 13,000g for 15 minutes.
The supernatant containing the fragmented DNA, was separated from the viscous pellet
which contained the intact DNA. RNAse (100 ug) was added to the supematant which
was then incubated for 30 minutes at 37°C. Proteinase K (100 ug) was then added and
the supematant incubated at 60°C. The DNA was precipitated overnight in 50% ethanol,
0.5 N NaCl, at -20°C. The precipitated DNA was collected by spinning at 13,0009 for 15
minutes at 4°C, and was then dried at room temperature for 30 minutes. The pellet was
resuspended in TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.0) and the DNA was

extracted with 50% phenol/chloroform and chloroform washes. The ethanol precipitation
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was repeated (minimum of 1 hour incubation) at -20°C and the DNA was centrifuged,
dried and dissolved in 50 ul of TE buffer. The DNA concentration was determined
spectrophotometrically at 260 nm, and a ratio of 260/280 nm =2.0 was used as an index
of purity. DNA (10 ug) was subjected to electrophoresis on agarose gels (1.5%) at 100V
in TAE buffer (400 mM Tris, 300 mM Acetic acid, 20 mM EDTA, pH 8.0). The gel was
stained with 0.5 ug/ml ethidium bromide at room temperature for 30 minutes then

photographed over an ultraviolet light source.

In-Situ-End-Labelling {ISEL)

Previously published procedures (249-251) provided the basis for the ISEL
technique used. All reagents were products of Sigma Chemical (St. Louis, MO) or BDH
(Toronto, Canada). Frozen tissue sections were simuitaneously thawed and fixed in 1%
glutaraldehyde for 15 min at room temperature (RT), washed two times for 5 minutes
each with phosphate buffered saline (PBS), then permeabilized with methanol/acetone
(1:1) for 10 minutes at RT. Following two more PBS washes, the sections were incubated
for 15 minutes at RT with 20 ug/m| proteinase K in 25 mM Tris-HCI (1ml/section), pH 6.6.
After two water washes of 15 minutes each, the sections were stained with Hoechst
33258 (0.05 ug/ml) at RT for 30 min in the dark. Three more PBS washes (1 min) were
done and the sections were then incubated in a buffer containing 200mM potassium
cacodylate, 2 mM CoCl,, 0.25 mg/mi bovine serum albumin, 25 mM Tris-HCI, pH 6.6, 10
HM biotin-16-dUTP (from Boehringer Mannheim Canada, Laval, Quebec), and 25 units

of terminal transferase (Boehringer) in a humidified chamber at 37° for one hour. The
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sections were washed in PBS three times for 1 minute each at RT to stop the reaction
and were then incubated with 1 mi of a solution containing avidin-FITC (2.5 ug/mi
fluorescein isothiocyanate-avidin), 4X saline-sodium citrate buffer, 0.1% Triton X-1 00, and
5% powdered milk, for 30 min at RT protected from light. The sections were washed 3
times with PBS prior to coverslipping in "anti-fade" solution (1 mg/mi p-phenylenediamine,
90% glycerol, in PBS). The sections were viewed under a Zeiss Axiophot florescence
microscope. Positive control sections were treated with 5 units/mi DNAse for 1 minute at

37°C prior to terminal transferase treatment.

Bradford Assay for Protein Concentration
The concentration of protein in solutions was determined spectrophotometrically

at 595 nm using the Bio-Rad kit and bovine serum albumin (BSA) as a standard.

Dithio-Nitrobenzoic Acid (DTNB) Assay for Thiol Concentration

Aliquots of homogenate were clarified by centrifugation, brought to 5 mg/mi protein
concentration and analyzed for total thiol (TSH), glutathione (GSH) and protein sulfhydryl
(PSH) content using DTNB. For total thiol content, the reaction mixture consisted of
homogenate, 1 mM DTNB, and 6M guanidine-HC! in 50 mM Tris-HClI (pH 8.2). The
mixture was incubated in the dark for 30 min and then read at 412 nm against 6M
guanidine-HCI and DTNB blanks. To measure GSH, samples of homogenate at 5 mg
protein/ml were precipitated with 5% trichloroacetic acid (TCA) at 4°C for 15 minutes. The

samples were then centrifuged at 13,000 g for 5 minutes. The supernatant was removed,
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its pH was adjusted to 8.2 with NaOH, and it was then reacted with DTNB alone.
Protein sulfhydryl content was determined by subtracting the GSH content from the
TSH. A molar extinction coefficient of 13,600 was used for the calculation, and all values

were reported as amount of thiol per mg protein.

Zn*-induced MT Overexpression

Rats in the “Zn**-injected" group were injected with zinc (10mg/Kg body weight)
in the form of ZnCl, (BDH) 18 hours prior to the ischemic episode. The amount of zinc
injected was based on a previously published study examining the effect of zinc injection
on ischemia induced infarct size in dog hearts (252). Zinc was dissolved in 3 ml of sterile
saline and injected intraperitoneally. The blood level of zinc was not measured and it was
assumed that all of the injected zinc was accommodated by MT overexpression. A dose

response curve was not deemed necessary.

Metallothionein Determination Assay

Heart homogenates were diluted to 5 mg/ml protein and were analyzed for
metaliothionein content according to the published procedure of Eaton and Toal (253).
Briefly, homogenates from Zn* injected rats were placed in boiling water for 2 min to
denature the heat-labile proteins, then centrifuged (13,000 g) for 2 min, leaving MT as the
only soluble metal binding protein. The supematant was removed and incubated with a
solution containing '®Cd (10 mM Tris-HCI, pH 7.4, 2 ug/ml Cd® at 1 uCi/mi). The mixture

was allowed to react for 10 minutes then 2% hemoglobin was added to complex the
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excess '“Cd. The mixture was boiled again to precipitate the Cd-hemoglobin, and was
spun leaving Cd-labelled MT in the supernatant. The pellet was discarded and the
radioactivity in the supernatant analyzed with a scintillation counter. The amount of
metallothionein was then calculated. Sephadex column chromatography was used to
verify that MT was the only '”Cd binding protein remaining in the supernatant (see

below).

Sephadex Column Chromatography

Column chromatography was used to characterize the Cd-binding proteins in the
supernatant following the '®Cd treatment described above. For control purposes,
authentic MT (500 ug) was reacted with '®Cd, and was applied to a sephadex G75
column with a length of 32 cm and a width of 1.2 cm. Fractions of the eluate were
collected and were assessed for both '®Cd (scintillation counter) and protein content

(absorbance at 220 nm).

Statistical Analysis

Students t-tests were completed using Sigmaplot for Windows software produced
by Jandel Scientific. Cardiac performance was analyzed using a split-plot ANOVA on SAS
software, while thiol data (Fig 18) and MT overexpression (Fig 12) was examined using
a Newman-Keuls ANOVA on Kwikstat software. Only p values of less than 0.05 were

considered significant. Error bars represent standard error of the mean (SEM).
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Results

Cardiac Performance

Control Group

Hearts could be perfused for up to 5 hours without displaying any changes in any
of the monitored parameters (Figure 4). Both end-diastolic (resting tension) and peak
systolic pressure remained at their initial levels providing a constant left ventricular

developed pressure (LVDP) (Figure 5). The perfusion pressure also remained unchanged.

Reperfused Group

Hearts which were rendered ischemic for 30 minutes and subsequently reperfused
for a 4 hour period, displayed significant contractile disfunction (Figure 4). Perfusion
pressure was significantly elevated from the pre-ischemic values (p<0.05, ANOVA), as
was the resting tension (p<0.05, ANOVA), indicating cardiac injury. Although peak systolic
pressure was unchanged, the increase in resting tension resuited in a significant (p<0.05,

ANOVA) decrease in the contractility of the myocardium (LVDP) (Figure 5).
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FIGURE 4. Cardiac performance of the CONT GROUP and the IR GROUP is shown in
mm Hg vs. time in minutes. Rat hearts were perfused with KR buffer, and the systolic (top
panel), diastolic (middie panel), and perfusion (bottom panel) pressure monitored as
described in the Methods section.The hatched bar above systolic pressure indicates the
period of ischemia while the clear bar indicates the duration of the subsequent
reperfusion.

CONT GROUP hearts did not undergo an ischemic episode and were continually
perfused. The performance of CONT GROUP hearts (0) was stable and did not change
significantly throughout the entire perfusion (n=4). IR GROUP hearts (@) displayed
characteristics typical of reperfusion injury following the ischemic episode (n=23). Both
the diastolic and perfusion pressures were significantly elevated (*, p<0.05, ANOVA) in
IR hearts vs. the IR GROUP.
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FIGURE 5. LVDP (mm Hg) vs. time. LVDP is the difference between peak systolic and
diastolic pressure. CONT GROUP (00) hearts remained at their initial level of performance,
while IR GROUP hearts (@) showed decreased LVDP (*, p<0.05, ANOVA) following the

ischemic episode (indicated by the hatched bar on top).
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Antioxidant Treatment

The ability of antioxidants to protect against ischemia/reperfusion-induced
contractile disfunction was examined with the DTT group (Figure 6). Addition of DTT to
the perfusate for the first hour of reperfusion significantly lowered the diastolic pressure
and significantly increased LVDP (Figure 7) and perfusion pressure when compared to

the reperfused group (p<0.05, ANOVA).




FIGURE 6. Cardiac performance of the DTT GROUP (Q) (n=7) compared to the IR
GROUP (@). Systolic pressure was unchanged with DTT treatment, but both diastolic and
perfusion pressures were decreased as a result of the antioxidant application (*, p<0.05,
ANOVA) for the initial hour of reperfusion, showing that DTT is capable of protecting
tissues from the decrease in performance due to an ischemic injury.
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FIGURE 7. LVDP with the antioxidant treatment, DTT (n=7). The DTT GROUP (0)
displayed significantly improved contractility over the IR GROUP (@) (* p<0.05, ANOVA).
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Monochloramine Group

Monochloramine (0.1 uM), a potent and membrane permeant oxidant, was added
to the perfusate for the initial 3 hours of reperfusion in order to simulate an inflammatory
response. Monochloramine addition did not significantly change cardiac performance
under these conditions (Figure 8). in comparison with the reperfused group, the systolic,

diastolic, LVDP (Figure 9) and perfusion pressures of the MC| group remained unaltered.

49




FIGURE 8. Cardiac performance of isolated hearts exposed to the oxidant MC! (n=4) for
the first 3 h of reperfusion. No significant difference between MC! GROUP () and IR
GROUP (@) was detected for any measured parameter during the perfusion protocol.
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FIGURE 9. LVDP of the MCI GROUP (00) (n=4) versus the IR GROUP (@®). No significant
difference was observed indicating that the potent oxidant did not further aggravate
contractility of the isolated hearts under the conditions of the perfusion protocol.
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Zinc Pyrithione Group

Zinc pyrithione (a zinc ionophore) facilitates zinc entry into the cells. The inclusion
of 0.1 uM Zn*-pyrithione in the perfusate for 30 min prior to ischemia, and for the first 30
minutes of reperfusion, did not significantly modify the perfusion, systolic or diastolic
pressures (Figure 10), or the LVDP (Figure 11), of hearts when compared to the IR
group. An increase in intracellular Zn** therefore failed to improve post-ischemic

performance.
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FIGURE 10. Cardiac performance of the Zn?* PYRITHIONE GROUP () compared to the
IR GROUP (@). No significant alterations in cardiac performance (systolic, diastolic, or
perfusion pressure) were observed with the addition of 0.1uM Zn?* Pyrithione to the
isolated hearts for 30 min pre and post ischemia (n=7).
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FIGURE 11. The LVDP of the Zn** PYR GROUP (v) was not significantly different from
the IR GROUP (@).
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Zinc Injected Group

The effects of intraperitoneal Zn** injection on metallothionein expression in rat
hearts was examined as a function of time. A maximal elevation in metallothionein
content was observed, using the MT determination assay as described in Methods, at 18
hours following Zn?* injection (10 mg/kg) (Figure 12). These data are similar to those of
Klein et al. (254) who determined that MT showed maximal elevation at 18 hours in the
rat liver. Sephadex column chromatography verified that MT was the sole '*Cd binding
protein recorded by the assay (Figure 13). A previous study by Klein et al. (254) showed
a similar elution volume for MT. However, the intracellular elevation of this endogenous
antioxidant did not significantly improve either the performance of reperfused hearts
(Figure 14) or LVDP (Figure 15) when compared to the IR group (n=7), although the
performance was highly variable (for unknown reasons). Perhaps there was variability in
the zinc injection and some rats were better able to accommodate the excess zinc,
leading to better antioxidant protection. To ascertain if there truly is no difference more
hearts should be examined. Thus, in this model of ischemia/reperfusion, neither MT

overexpression nor zinc injection appears to affect cardiac performance.
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FIGURE 12. The maximal expression of MT occurred at 18 h following the injection of 10
mg/Kg body weight Zn?* (in the form of ZnCl,). MT expression was unchanged from the
control condition (1.85+0.16 nmol/mg protein, n=11) at 4 h (1.86+0.33 nmol/mg protein,
n=2), was approximately double by 12 h (4.25+0.97 nmol/mg protein, n=3) and more than
quadruple at 18 h (9.03+1.19 nmol/mg protein, n=8). By 24 h, MT expression had
retumed to control levels (2.26+0.33 nmol/mg protein, n=14). Significance (ANOVA) was
attained at 18 hours only.
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FIGURE 13. Sephadex G-75 column chromatography indicated that MT was the only
heat-stable, '®Cd-binding molecule following the '®Cd-MT isolation assay. 500 ug of
'®Cd labelled MT  (*Authentic Metallothionein®,®) was applied to the column and
determined to elute in fraction 34. Unbound '®Cd () migrated slower than MT, showing
a peak in fraction 53. Samples (100 ul) which had undergone the MT extraction ("Sample
Metallothionein, v) showed a single peak which co-migrated with authentic MT, providing
strong evidence that the MT assay was not affected by unbound '®Cd or other metal
binding molecules. Samples which underwent the MT isolation assay, but were not
radiolabelled, did not show a peak in any fraction ().
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FIGURE 14. Performance of the Zn** INJECTED GROUP (0) (n=7). No measure of

cardiac performance (systolic, diastolic, perfusion pressures) was significantly altered due
to zinc injection when compared to the IR GROUP (@ ).
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FIGURE 15. The LVDP of the Zn** INJECTED GROUP (0) was not significantly different

from the IR GROUP (@). Therefore, zinc injection (n=7) did not modify cardiac contractility
of the post-ischemic hearts.
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Cycloheximide Group

Inclusion of a protein synthesis inhibiter, cycloheximide (10 uM), in the perfusion
buffer for 30 min prior to ischemia and for the entire reperfusion period prevented the
increase in resting tension (p<0.05, ANOVA) but did not affect either the systolic or
perfusion pressures when compared to the reperfused group (Figure 16 (n=9)). LVDP was
also unaffected by cyclioheximide (Figure 17). Addition of the soivent vehicle alone (di-

methyl sulfoxide, DMSO, 1.4 mM) did not affect perfformance when compared to IR

hearts.
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FIGURE 16. The diastolic performance of the CYCLO GROUP (V) was significantly
improved (p<0.05, ANOVA) over the IR GROUP (@). Neither the systolic nor the perfusion
pressures were altered as a result of the application of cycloheximide 30 minutes prior
to, and for 4 h following, the ischemic episode (n=9).
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FIGURE 17. The LVDP of the CYCLO GROUP (V) (n=9) was not significantly different

from the IR GROUP (@), indicating that cycloheximide did not affect the post-ischemic
cardiac contractility of the isolated hearts.
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Thiol Content

DTNB assays indicated that only the application of Zn** PYR (140.44+19.8 nmol/mg)
and the injection of Zinc (121.1+18.9 nmol/mg) altered total thiol levels (TSH). CONTROL
(60.3+7 nmol/mg) and IR groups (55.9:1:15.0 nmoi/mg) were not different indicating that
the period of ischemia did not threaten total cellular thiols. There was no difference
between any group in measures of GSH providing evidence that apoptosis is not related
to GSH level.

Only Zn** PYR (112.044.7 nmol/mg) perfusion elevated PSH thiols over the IR
group (37.5+17.8 nmol/mg). Protein sulfhydryls were not decreased as a resuit of the
ischemic episode as the amount of thiols in the IR group was not different from the CONT
group (44.6+11.5 nmol/mg). Neither the application of DTT, CYCLO, nor Zinc INJECTION
affected PSH level (58.4£3.6 nmol/mg and 55.548.2 nmol/mg, 71.1£15 nmol/mg,
respectively). The application of the potent membrane permeable oxidant
monochloramine to the perfusate significantly reduced PSH level (9.1+4.2 nmol/mg)
indicating that MCI perfusion may have provided protection from apoptosis by inducing
necrotic death.

NON-PERFUSED group was not included in the statistical analysis as it consisted
of a n of 2.

The n for each group is as follows:

NON-PERFUSED n=2 DTT n=9 Zn PYR n=4
CONTROL n=4 CYCLO n=4 MCI n=3
IR n=13 Zn INJ n=5
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FIGURE 18. Thiol levels in perfused hearts. The top panel shows totai sulfhydry! levels
(TSH) for all protocols, while the middle and bottom panels represent glutathione (GSH)
and protein sulphydryls (PSH), respectively. TSH levels were not changed significantly
by either the ischemic episode or various treatments, as the total sulphydryl level in
CONT (€0.35+3.5 nmol/mg protein), IR GROUPS (55.8+4.14), DTT (71.33+4.4), CYCLO
(76.0+5.3), were not significantly different. However, Zn?* INJECTION (121.11+8.4) and
Zn* PYRITHIONE (140.4+9.4) GROUPS showed significantly increased (p<0.05,
ANOVA) TSH levels. GSH levels were not different in the IR GROUP (18.5+4.4 nmol/mg
protein) compared to the CONT GROUP (15.7+3.2) indicating that in our model, ischemia
and reperfusion did not alter GSH. As well various treatments did not alter GSH level as
Zn* INJECTION (50.6+10.0), MCI (42.1£3.6), DTT (12.9+2.7), CYCLO (22.8+6.1), and
Zn?®* PYRITHIONE (28.318.2) all failed to alter cellular GSH. The PSH level of CONT
(44.615.7), IR (37.414.9), CYCLO (55.5+8.2), DTT (58.4+3.6) and Zn?* INJECTION
(71.1£15.0) were not significantly different. However exposure of the perfused hearts to
Zn* PYRITHIONE (112+2.3) and MCI (9.0+6.3) significantly altered PSH levels. Statistics
were not done on the NON-PERFUSED group because of the small n.
The n for each group is as follows:

NON-PERFUSED GROUP n=2

CONT GROUP n=4

IR GROUP n=13

DTT GROUP n=9

CYCLO GROUP n=4

Zn*PYRITHIONE GROUP n=4

MC! GROUP n=3

Zn*INJECTED GROUP n=5
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DNA Electrophoresis

DNA electrophoresis on agarose gels provided evidence for apoptosis in hearts
subjected to ischemia-reperfusion (Figure 19). The presence of ladders indicated DNA
fragmentation in muitiples of 180-200 base pairs in 19 of 22 hearts in the reperfused
group (lane 4). It is clear that in both the non-perfused (lane 2) and the control hearts
(lane 3), DNA fragmentation typical of apoptotic death is not present. This indicates that
it is the ischemia/reperfusion itself, and not the isolation or the perfusion protocois which
causes the observed apoptotic DNA fragmentation. Hearts treated with DTT showed
apoptotic fragmentation in only 2 of 10 hearts (lane 5). Some DNA smearing was evident
in lanes 4 and 5 (reperfused and DTT groups, respectively). Smearing is indicative of the
random DNA fragmentation typical of necrotic death. The non-perfused and control
groups (lanes 2 and 3, respectively) did not display the smearing, showing that the
myocardial DNA remains relatively intact during the extraction and perfusion protocols.
Hearts treated with cycloheximide (lane 6) also showed protection from apoptosis (only
2 of 6 hearts showed apoptotic DNA fragmentation), supporting a role for de novo protein
synthesis in the apoptotic mechanism in this model. Zn** pyrithione perfusion also
provided protection from apoptotic fragmentation, with ladders in only 2 of 6 hearts (lane
10).

Zincinjection (Lane 11) and the subsequent MT overexpression in hearts protected
against programmed cell death as apoptotic DNA fragmentation was visible in only 2 of
8 hearts. Ironically, protection was also exhibited by monochioramine perfusion. The

presence of this potent and membrane permeant oxidant in low amounts (0.1 uM) showed
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strong protection against apoptosis (only 1 of 12 hearts displayed apoptotic laddering,
lane 12). However, this "protection" may be misleading since MCl increased the necrotic
cell death. Shorter durations of untreated reperfusion (2 and 3 h, n=3 each) did not result

in apoptosis as visualized by agarose electrophoresis (not shown).
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FIGURE 19. Agarose DNA gel electrophoresis was used to examine the presence of
apoptosis in the myocardial DNA following the various treatments. DNA was extracted
from isolated perfused hearts and was subjected to electrophoresis as described in
Methods. Unless otherwise stated, 10 ug of DNA was loaded into each lane.
Intemucleosomal fragmentation typical of apoptosis is illustrated by the "ladder" pattern
of thymocyte DNA (3 ug) in Lane 1 and Lane 8 (taken from gamma-irradiated rats). Lane
2 shows that in vivo, apoptosis is not found in the NON-PERFUSED GROUP rat heart.
isolation and 5 h perfusion of the hearts does not cause an increase in apoptosis over
the in vivo state, as ‘ladders” are not found in the CONT GROUP (Lane 3). The
intemucleosomal fragmentation visible in the IR GROUP (Lane 4) indicates that 30
minutes of ischemia, followed by 4 hr reperfusion causes apoptosis. Lanes 5 and 6
represent DTT (10 umol/L for first hour of reperfusion) and CYCLO GROUPS (10 umol/L
for 30 minutes prior, and 4 h following, 30 minutes ischemia), respectively. Both DTT and
CYCLO GROUPS were devoid of apoptosis. However, the DTT GROUP appears to have
significant necrotic death visualized by the dominant "smearing” (random DNA
fragmentation) in Lane 5. Lanes 9, 10, 11, and 12 show NAC (0.1 umol/L for the initial
60 min of reperfusion), Zn?* PYRITHIONE (1 umol/L for 30 min prior to, and following,
ischemia), Zn?* INJECTED (10 mg/Kg BW injected 18 h prior to ischemic episode) and
MClI GROUPS (1 umolL for initial 3 hours of reperfusion), respectively. All show
protection from apoptosis, but the MCI GROUP displayed large amounts of necrotic cell
death. Lanes 7 and 13 show Hind Il fragments of lambda phage DNA (1 ug, Sigma) ,
with an arrowhead indicating molecular weight of 564.
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In-Situ-End-Labelling (ISEL)

In-Situ-End-Labelling is a histochemical technique used to label double strand DNA
nicks typical of apoptosis in cryostat sections. The fluorescent labelling in the nuclei is
detectable with a fluorescent microscope.

The ISEL data (Figure 20) supported the gel electrophoresis results, showing a
high number of fluorescent nuclei in the IR GROUP (Panel C). The fluorescent nuclei
appeared to be isolated in cardiomyocytes. The CONT GROUP did not show any
evidence of apoptosis as indicated by an absence of labelled nuclei (Panel A).
Reperfused hearts which were treated with DTT (Panel E) or with cycloheximide (Panel
F), showed a greatly diminished number of fluorescent nuclei in comparison with the IR
group. Panels B and D show a global nuclear stain indicating that nuclei are indeed

present in ISEL-negative cells and that the result is not due to an absence of nuclei.
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FIGURE 20. ISEL staining of myocardial sections. Cryosections were prepared and
stained as outlined in Methods. Panel A, C, E and F represent sections stained by ISEL,
while Panel B and D show global nuclear staining with Hoechst. Apoptosis is absent in
the CONT GROUP (Panel A), however, following the ischemia/reperfusion protocol,
apoptosis is abundant in the IR GROUP (Panel C). DTT (Panel E) and CYCLO GROUP
sections (Panel F) showed protection from apoptosis. All ISEL sections support the data
obtained by DNA agarose electrophoresis. Panel A,B original magnification = X 200.
Panel C,D,E,F original magnification X 400. Scale bar is as indicated.

69













NOTE TO USERS

Page(s) were not included in the original manuscript and are
unavailable from the author or university. The manuscript
was microfilmed as received.

70-71

UMI




DISCUSSION

Apoptosis as a Component of Ischemia-Reperfusion Injury

This study provides the first in vitro evidence of the involvement of programmed
cell death in ischemia/reperfusion injury in the rat heart. It was shown that 30 minutes of
ischemia is sufficient to cause the symptoms of reperfusion injury in isolated rat hearts
as indicated by the decrease in LVDP and an increase in the diastolic pressure of the
post-ischemic heart. Coupled with this functional injury, | detected clear evidence of
apoptosis in the hearts following 4 h of reperfusion. Programmed cell death was
ascertaired using ISEL as fluorescent nuclei in tissue sections, and DNA "ladders" in
multiples of approximately 180 base pairs in DNA agarose gel electrophoresis. Because
ISEL labels all double stranded DNA nicks, a positive ISEL alone is not in itself, a strong
apoptotic indicator. Although necrosis does not typically cleave selectively at the
intemucleosomal locations (255,256), it nevertheless cleaves DNA into ISEL-sensitive
fragments. As a result, the use of the ISEL technique alone for the identification of
apoptosis is still controversial (257). However, coupled with agarose DNA electrophoresis,
the two techniques are believed to provide a strong indication of both the presence, and
quantity of apoptosis. My observation of a possible correlation between apoptosis and
impaired contractility raises the exciting possibility that there may be a direct effect of
programmed cell death on normal myocardial function.

Apoptotic DNA fragmentation occurs at specific locations as a result of the

activation of specific endonucleases which cleave DNA at internucleosomal sites, giving
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the appearance of a ladder pattern in agarose gels. Presently, it remains unknown which
endonuclease(s) are responsible for the DNA cleavage, although DNAse 1 and 2 have
been implicated in various apoptotic systems (179,258). How these become activated is
also not established. Apoptosis may commence from a variety of signals (eg. oxidation)
which then begin the program resulting in DNA fragmentation and ultimately, apoptotic
cell death.

Recently, there have been several in vivo studies which have reported apoptosis
in the reperfused heart (220,259,260). The findings of this study are, however, the first
indications of in vitro apoptosis in the isolated heart. The presence of programmed cell
death in a buffer-perfused system indicates that external factors are not essential for
apoptosis. Intrinsic factors alone are sufficient for ischemia/reperfusion induced apoptosis
in this model as the removal of blood-bomne factors (eg. neutrophils) did not prevent
programmed cell death. Therefore, the isolated perfused heart model has the potential
to be a very useful model in the study of the intrinsic mechanisms of apoptosis following
an ischemic episode in the heart.

Cell death is the most critical consequence of either ischemia or reperfusion
induced injury. Therefore, the ability of various interventions to modulate programmed cell
death in this model may lead to therapeutic treatments designed to combat ischemic and
reperfusion injury. In contrast to necrotic cell death, apoptosis proceeds through a
cascade of predictable steps which may permit possible intervention to arrest, or reverse,
this process. Recent data suggest that apoptosis may be reversible (261,262) and that

some cell types may be rescued from apoptosis after the process has already begun. The
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present study, by providing strong evidence that apoptosis contributes to the decline in
cardiac function following reperfusion of an ischemic area, raises the exciting possibility
that contractile function may be preserved or restored with anti-apoptotic agents.
Apoptosis has been shown to be the predominant and early form of cell death in
reperfused human (222,223) and rat (220,221) hearts. Kajstura et al. (1996) (220)
recently reported pronounced programmed cell death as early as 2 h following ischemia.
Apoptosis subsequently peaked at 4.5 h, and subsequently declined. However, necrotic
death was virtually non-existent prior to 6h, at which time it became the predominant
form of cell death and remained significantly elevated for 48 h following ischemia (220).
Work with human tissue from both autopsy and explanted hearts has verified this in
humans as well. Veinot et al. (1996) (223) showed, using ISEL and DNA agarose gels,
extensive apoptosis in recently reperfused human heart tissue. After prolonged
reperfusion (between 1 and 5 days) , no ISEL, but much necrosis, was detectable. These
studies imply that apoptosis is the major form of cardiac cell death within the initial few
hours of ischemia and reperfusion, and its decline is matched by an increase in necrotic
death over a period of days. Although significant differences do exist between the in vivo
studies and our in vitro conditions, it is likely that apoptosis is the major form of cell death
in our model as well. The duration of our reperfusion (4 h), is well below the 6 h required
by Kajstura et al. (1996) (220) to observe necrotic death in a neutrophil rich environment.
Moreover, we did not detect extensive DNA smearing in our agarose gels, an indicator
of necrosis. Therefore, the possibility that ISEL has indicated necrotic death is uniikely

in our model. One could speculate that programmed cell death may injure adjacent
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cardiomyocytes, leading to the widespread necrosis at a latter time (263).

The involvement of Apoptosis on Myocardial Contractility

This study produced a number of conflicting data. Some agents (eg. DTT,
cycloheximide) showed protection against apoptosis with an improvementin performance,
while others showed protection without enhancement of performance (Zn* -Pyrithione,
MCI, Zn** injected). There may be a number of explanations for this paradox. Apoptosis
is known to be induced by numerous distinct mechanisms. For example, it is possible that
ischemia/reperfusion induced injury may affect a complex set of cardiomyocyte functions,
some of which trigger apoptosis, while others cause contractile disfunction without
apoptosis. If tissues are protected from both apoptosis and the decreased LVDP
characteristic of reperfusion injury, then it is likely that the agents which provided
apoptotic protection also protected the myocardial tissues against injury to the non-
apoptotic functions, such as Ca*-ATPase, or membrane disruption. Thus, ailthough
widespread apoptosis may ultimately decrease contractile performance in the heart, the
extent of the decline in LVDP seen in the IR group may not be attributed solely to
apoptosis.

It remains to be determined whether our in vitro model reflects the effect of
apoptosis on contractility. To date, no model has successfully documented the effect of
apoptosis on myocyte performance. One can therefore only speculate on the contribution
that apoptosis may have on cardiac contractility. The principal difficulty in establishing the

apoptotic/contractile performance relationship lies in the fact that apoptotic
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cardiomyocytes may retain contractile function for an indeterminate length of time after
the onset of apoptosis. Although nuclear DNA is clearly fragmented, there is no evidence
indicating that a myocyte cannot function (either impaired or normally) in the initial stages
of programmed cell death. Another laboratory has attempted to examine whether this
occurs in apoptotic cardiac myocytes. In personal communications with an expert in
cardiac apoptosis, Dr. Anversa, he indicated that his laboratory has unsuccessfully
attempted to explore the functional abilities of a single cardiac papillary myocyte. Without
the study of the affect of apoptosis on a single myocyte, direct conclusions pertaining to
the affect of apoptosis on contractility cannot be made. However in his opinion, an
apoptotic myocyte may remain functionally active, at least acutely.

Another complicating factor is the number of nuclei in cardiomyocytes. Cardiac
myocytes may be binucleated and thus may undergo apoptosis in one nucleus, but not
the other (264). How this affects myocyte contractility is unknown, but it is presently
thought that apoptotic DNA fragmentation must occur in both of the nuclei of a
binucleated myocyte before apoptotic cell death results, although there are presently no
published data to support this. Thus a myocyte may appear to be apoptotic, but may
remain fully functional. Therefore, although the present study demonstrates an apparent
correlation between the extent of apoptosis and contractile dysfunction, it remains to be
determined whether the decrease in contractility observed by this study is, in fact, due to
apoptosis. Therefore, in this model, the decrease in LVDP may result from cellular

damage independent of apoptosis.
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Signalling Pathways in Apoptosis

The Involvement of Protein Oxidation in Apoptosis

The finding that apoptosis was not detectable at 2 h following reperfusion in our
model is not surprising. The removal of blood-borne agents, such as neutrophils, likely
reduced the stress to the tissues substantially. This is supported by resuits obtained by
an in vivo study of reperfusion-induced apoptosis completed in our laboratory. In contrast
to the present study, the in vivo project (221) showed a significant reduction in both GSH
and PSH content in the reperfused tissues, indicating a substantial oxidative stress. Such
an insult may arise from the aggregation and subsequent activation of invading
neutrophils in the heart. Myeloperoxidase activity was found to be significantly increased
in that model indicating the elevated presence of neutrophils after 4 h of ischemia or
reperfusion. This likely sustained the oxidative burden on the myocardium, compounding
cellular thiol oxidation.

The lack of GSH or PSH depletion following the ischemic episode in our model
implies that the oxidative stress may be substantially decreased at the end of the 4 h in
vitro perfusion protocol compared to the initial minutes of reperfusion. Previous studies
with similar models have shown that OFR generation in reperfused myocardium peaks
within the first few minutes of reperfusion and then rapidly returns to normal levels
(18,265-267). Moreover, protein oxidation (as measured by carbonyl levels) was shown
to be over four-fold greater than control levels at 5 minutes of reperfusion (268). However,

by 15 minutes these levels were reduced to 150% of controls. Therefore, it is not entirely
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surprising that an oxidative stress was not detected at the termination of the 4 h
reperfusion protocol in our study. OFR's generated during those first minutes may,
therefore, be sufficient to activate the genetic machinery responsible for apoptosis but
insufficient to provide levels of oxidation beyond which the tissues can recover during the
4 h reperfusion.

Although oxidative damage was not detectable, Ca*" injury was evident following
the ischemic episode. Typically, in I/R injury, the Ca**-ATPase is injured by radicals. This
causes a decrease in Ca* reuptake into the SR, increasing the resting tension of the
muscle (increased free [Ca*']initiates cross bridge cycling) with a corresponding decrease
in LVDP. Moreover, an elevation of [Ca*], has been proposed to activate the
endonucleases invoived in apoptosis, providing a mechanism through which /R may
induce apoptosis (179,269). However, this remains controversial since calcium does not
appear to play a role in some models of apoptosis (230,232,270).

Another reason for the apparent absence of protein oxidation in our apoptotic
model may be the synthesis of enzymes. Protein synthesis is known to occur in the
isolated heart (271-273), and it is likely that in our study, some of the proteins
synthesized in the reperfused hearts were thiol-reducing enzymes. A previous study using
an isolated perfused rat heart model showed that mRNA for heat shock protein 70 (HSP
70) was increased between 5 and 13 fold due to oxidative stress (274). HSP 70 is a thiol
reducing enzyme and may reduce disulfide bonds in oxidized proteins. It is therefore
possible that the synthesis of HSP 70, or similar stress proteins, may have reversed the

initial oxidative injury to the proteins.
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In summary, ischemia/reperfusion was found to significantly impair the function of
isolated reperfused hearts in our model. The reperfused hearts displayed decreased
performance typical of oxidative injury, resulting in an overall decline in the contractility
(LVDP) of the hearts and an increase in the diastolic pressure (the increase in the resting
tension was likely due to Ca*" overload). Although oxidative stress has been linked to
programmed cell death in other models cf ischemic/reperfusion injury, our resuits indicate
that although apoptosis is abundant following 4 h of reperfusion, there does not appear
to be any sustained evidence of thiol depletion at the end of the perfusion protocol. It is
possible that the actions of disulfide reducing enzymes synthesized during the
reperfusion, returned the oxidized thiol levels to pre-ischemic levels. In view of previous
data, and our DTT protection studies, it seems unlikely that oxidative stress did not
contribute to apoptosis in our model. Instead, it appears likely that the initial transient
production of OFR's known to be associated with reperfusion (18,265-267), contributed

to the induction of apoptosis, although it did not result in permanent protein oxidation.

GSH as a Signal for Apoptosis

In our in vitro model, apoptosis seems to occur independently of GSH level,
supporting recent findings by others (210,211,213,214,275). Control hearts indicated a
potentially (statistics could not be examined due to smali group size) decreased GSH with
respect to non-perfused hearts, but did not show evidence of programmed cell death. As
well, IR hearts, which showed extensive apoptosis, had GSH levels which were not

significantly different from control hearts. Moreover, the addition of DTT to the perfusate
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prevented apoptosis, but did not elevate GSH levels. Therefore, these results indicate that
the cellular GSH content (at the termination of the 4 h reperfusion protocol) does not
appear to correlate with apoptosis in our model. However, as stated above, although the
present study failed to show GSH oxidation following the I/R protocol, it is possible that
such oxidation may have occurred at an earlier iime.

An additional factor which tends to complicate any attempted apoptosis-GSH
correlation is the fact that depletion of cellular glutathione may be the resuit of a decrease
in cysteine availability, and may be entirely independent of oxidative stress. Thus, Brunet
et al. (276) have shown a massive release of GSH following reperfusion of an isolated
heart. This same release may be occurring in our model which, when combined with
decreased GSH synthesis over the approximately 5 hours the hearts are isolated,

provides the depleted GSH content independent of an oxidative threat.

Manipulation of Apoptosis using DTT

Previous studies have shown that agents which have the ability to alter celluiar
thiol status have proven effective in preventing active cell death. The present study
provides additional evidence that antioxidants may protect against apoptosis, suggesting
that oxidants may be involved in apoptosis. Hearts treated with the antioxidant DTT for
the first hour of reperfusion, were protected from a decrease in cellular thiols, and
deterioration in cardiac performance. Moreover, apoptosis was only visible in 2 of the 8
DTT-treated hearts examined (in contrast to IR hearts which exhibited apoptosis in 11 of

14 hearts). The ability of DTT to protect against oxidants is well established. Eley et al.
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(1989) (277) showed that DTT can protect against neutrophil oxidants in the same model
used in the present study. DTT may exert its protective effect at the level of Ca*
regulation (eg. the SR Ca**ATPase).

The vulnerability of the cardiac SR Ca?-ATPase to thiol oxidation is weil
documented (278-280), and it is thought that the cysteine residues in this protein can be
the target of oxidants, causing Ca®>* mediated contractile disfunction, as was shown by
Eley et al. (142,277) using cardiac muscle. The levels of both Ca** uptake by the SR and
the phosphatase activity of the SR Ca**ATPase declined upon oxidant treatment in
isolated rat hearts (142). Simuiltaneous changes in the migration pattern of Ca** ATPase
in SDS-polyacrylamide gels suggested that the structure of the Ca?>*ATPase was modified
by the oxidative stress. However, subsequent treatment with DTT resulted in a complete
functional recovery of both the myocardium and the Ca**ATPase activity. This study
provided strong evidence that the function of the Ca**ATPase was impaired by oxidants
and that this injury could be reversed with DTT.

It is therefore likely that the contractile disfunction observed in the present study
is also due to disruption of Ca** homeostasis (281-283), causing an increase in [Ca®*],
which then increases myocardial resting tension. The addition of DTT following the
ischemic period in our study likely protected the sensitive thiols of the Ca>*ATPase from
the reperfusion-associated burst, preventing the decrease in LVDP seen in the IR group.
Although both GSH and PSH were unaffected following DTT treatment, it appears likely
that DTT protected cardiac contractility through either direct scavenging of oxidants or the

reduction of oxidized disulfides, including those of the Ca>*ATPase.
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DTT may have anti-apoptotic actions beyond its known antioxidant abilities.
Recently, 2,3-dimercaptopropanol, an agent closely related to DTT, was shown to
suppress both protein synthesis and cell death in PC12 sympathetic neurons (284).
Therefore, it remains to be elucidated if in our model DTT is acting in a similar fashion.
The suppression of apoptosis shown following DTT treatment may provide important
pharmacologic therapy of myocardial apoptosis in the reperfused heart.

Hearts from rats that had been pre-injected with zinc, showed a marked resistance
to the decline in TSH after reperfusion. This is likely due to an increased expression of
MT, an endogenous thiol-rich, zinc-chelating protein which is overexpressed in these
animals in response to the injected zinc (10mg/kg body weight). Each MT molecule
contains 7 zinc atoms in cysteine-bound clusters. When exposed to an oxidative stress,
the thiols in MT are oxidized, releasing the bound zinc (143,248). Therefore, MT has
antioxidant properties. However, despite the thiol protection provided by zinc injection, as
well as a marked protection against apoptosis, no functional (cardiac performance)
difference was seen in hearts overexpressing MT.

Protection against apoptosis by zinc injection was observed in 6 out of 8 hearts.
This may have occurred through several mechanisms (see section 4.7) but is likely due
to zinc induced MT overexpression in the tissues which elevated the antioxidant
capabilities of the cell. In addition, free zinc also has the ability to inhibit the Ca**
dependant endonucleases required for apoptotic DNA fragmentation. OFR generation is
also inhibited by Zn*" in the isolated heart (235). Zinc may interfere with Cu** and Fe?'

catalyzed reactions which have been shown to resuit in ‘OH generation. Therefore, in the
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presence of an oxidative stress, MT may have released its bound zinc allowing any of the
above mechanisms of apoptotic protection to occur.

The involvement of neutrophils in apoptosis remains unresolved (see section 4.6).
In an attempt to simulate the additional oxidative burden likely to be imposed by invading
neutrophils, we introduced the neutrophil oxidant monochloramine into the perfusate
during reperfusion. The dramatic increase in apparent necrotic cell death, illustrated by
the increased DNA smearing, suggests that neutrophil oxidants may exacerbate the injury
to the myocardium to the point where necrosis is the predominant form of cell death. A
recent study from this laboratory has shown that neutrophils do not appear to participate
in apoptosis in ischemic human myocardium (223). This study confirmed that early
apoptosis occurred in the absence of neutrophils, and that the later influx of neutrophils
was associated with necrotic death. The present study therefore provides support for

these in vivo observations.

Involvement of Protein Synthesis in Apoptosis

Cycloheximide, an inhibitor of protein synthesis was also shown to provide
protection against apoptosis in our study. Cycloheximide prevented the decrease in
cellular thiols while also preventing an elevation of resting tension. The ability of
cycloheximide to preserve cellular thiols was demonstrated elsewhere as well. Ratan et
al. (285) have proposed that, by inhibiting protein synthesis, cycloheximide lowers
cysteine incorporation into de novo synthesized proteins, thereby increasing its availability

for cellular GSH production. However, another study has reported that most of the
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cysteine required for GSH resynthesis derives from methionine, and not from the
catabolism of GSH as previously thought (286). Although the influence of protein
synthesis inhibitors on apoptosis varies between cell types, in our model, programmed
cell death was consistently prevented with cycloheximide. Currently, it appears that in the
heart, the application of cycloheximide protects against apoptosis, however its role is
controversial (7575).

The involvement of protein synthesis in our model of apoptosis appears likely. It
is apparent that de novo protein synthesis contributes to the apoptotic mechanism in the
heart. While the role of protein synthesis in apoptosis is well documented, to date no
study has explored the affect of de novo protein synthesis on myocardial performance
following an ischemic injury. As shown in the introduction, the regulation of apoptosis is
apparently regulated by a continuous competition between apoptosis-promoting proteins
(eg. p53, proteases, ect...) and apoptosis-inhibiting proteins (eg. bci-2, ect...). It is
premature to speculate on the nature of this balance in the heart, but our data suggest
that synthesis of apoptosis-promoting proteins is required to cause apoptosis in this
tissue. Thus, cycloheximide inhibits the synthesis of these proteins, preventing the

appearance of apoptosis.

Involvement of Zinc in Apoptosis
Similar to many previous studies (225-230), our study shows that the
inclusion of zinc in the perfusate offers protection from programmed cell death. As

detailed in section 4.7, zinc may inhibit apoptosis by three mechanisms. Firstly, Zn** may
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inhibit a Ca**-dependant endonuclease which is responsible for the DNA fragmentation
typical of apoptosis (228). Secondly, zinc has been shown to inhibit the catalysts
necessary for ROS generation (235), most likely by blocking the ability of Cu** and Fe?*
to catalyze ROS generating redox reactions. The third mechanism by which zinc may
inhibit active cell death is through direct antioxidant action. Zinc is capable of binding
directly to cellular thiols (eg. those on cysteine residues) providing protection against thiol
oxidation (238), thereby maintaining the normal function of the protein. In the present
study similar protection was achieved by perfusion with zinc pyrithione. Zinc pyrithione
is a zinc ionophore which rapidly transports zinc into the cell. In our study, protein
sulfhydry! levels were significantly protected at the end of the zinc perfusion protocol,
confirming the role of zinc as an antioxidant. Interestingly, GSH levels were unaffected
by zinc perfusion, possibly as a result of the low affinity of Zn?* for non-protein thiols.
In conclusion, the present study provides cellular evidence that
ischemia/reperfusion can cause apoptosis in the isolated reperfused rat heart model.
Although the mechanisms regulating this apoptosis remain unresolved, our data suggest
that oxidative stress may contribute to this phenomenon. The ability of DTT and zinc to
provide protection against this form of cell death provides support for an oxidative
mechanism. Moreover, the protection provided by these agents raises the possibility that
they may contribute a potentially affective therapeutic treatment against myocardial

apoptosis
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