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ABSTRACT

Apoptosis is a form of cell suicide, which contributes, together with necrosis, to the cardiac cell
loss following ischaemia/reperfusion injury (IRI). This thesis focuses on the occurrence of apoptotic
cell death in different cell types during ischaemia/reperfusion injury, the initiating pathways leading
to activation of the apoptotic process as well as the clinical potential of new cardioprotective
agents. In a first set of experiments, carried out in the isolated Langendorff perfused rat heart, we
attempted to describe the occurrence of apoptosis in specific cell types during ischaemiareperfusion injury, including the very early stages of reperfusion. Apoptosis was seen mainly in
endothelial cells, only after the onset of reperfusion. In addition, using a three-step
immunocytochemical technique, we showed that the first cells to appear as apoptotic in the very
early stage of reperfusion were those in the coronary vasculature, followed in a later phase of
reperfusion by cardiac myocytes. Furthermore, the number of positive myocytes decreased with
increasing distance from the positive vessel, suggesting that cells of the coronary vasculature may
actively contribute to the death of myocytes by releasing pro-apoptotic mediators.

The apoptotic cascade can be initiated either by mitochondrial damage and activation of
caspase-9, or by death receptor ligation, which leads to activation of caspase-8. In an other set of
experiments, specific inhibitors of caspase-8 and caspase-9 were used in order to estimate the
relative contribution of the two main apoptotic initiating pathways in inducing apoptosis both in
endothelial cells and cardiac myocytes in the two phases of ischaemia reperfusion. Cleavage of
caspase-9 was observed primarily in endothelial cells. Conversely, caspase-8 cleavage is only
found in cardiomyocytes, where it progressively rises throughout reperfusion. Consistent with this
finding, addition of a specific caspase-9 inhibitor to the perfusate before I prevented endothelial
apoptosis, whilst pre-ischaemic infusion of a specific C8 inhibitor affected only myocyte apoptosis.

Other experiments were aimed at studying the cardioprotective effects of minocycline in
primary cultures of both neonatal and adult cardiac myocytes as well as in the intact heart.
Minocycline is a second-generation tetracycline with proven safety that is used in humans for the
treatment of acne and urethritis as well as of severe chronic inflammatory diseases. Our report
shows that minocycline significantly reduces the post-ischaemic occurrence of necrotic and

apoptotic cell death, with normalization of developed and diastolic pressure. In regard to its
antiapoptotic mechanism of action, we observed that minocycline reduces the expression level of
initiator caspases, increases the ratio of XIAP to Smac/DIABLO at both the mRNA and protein
level, and prevents the mitochondria-mediated release of cytochrome c and Smac/DIABLO. These
synergistic actions dramatically prevent the post-ischaemic induction of caspase activity associated
with cardiac l/R injury. Owing to its safety record and multiple novel mechanisms of action,
minocycline may be a valuable cardioprotective agent to ameliorate the cardiac dysfunction and
cell loss associated with l/R injury

We also investigated the hemodynamic, bioenergetic and cytoprotective effects of Urocortin, a
40 amino acid member of the Corticotropin Releasing Hormone family, highly expressed in the
cardiovascular system. This endogenous cardiac peptide was administered ex vivo pre-l, pre-l and
during R, and during R only, to isolated perfused rat hearts exposed to l/R. Significant, and in some
treatment groups, complete recovery of end diastolic pressure and developed pressure was
observed, together with reduction in endothelial and myocyte cell death. In the groups receiving
Ucn pre-l, significant recovery of high-energy phosphate reservoirs was also seen. Since the
cytoprotective and functional benefits are still produced when Ucn is given only at R, our data
suggest that Ucn may be useful clinically in the management of myocardial infarction.

During cardiopulmonary bypass, the cardioplegic arrest and subsequent reperfusion inevitably
expose the heart to an iatrogenic ischaemia/reperfusion injury. This background encouraged us to
evaluate the occurrence of apoptosis and the relative contribution of its signalling pathways in
human myocytes from patients exposed to cardiopulmonary bypass, warm blood cardioplegia, and
subsequent reperfusion. Furthermore, we investigated whether the above surgical IRI modifies the
cardiac expression of urocortin as well as its potential involvement as a salvage mechanism. Our
study shows for the first time that warm blood cardioplegia induces apoptotic cell death in cardiac
myocytes. This myocyte apoptosis, which was shown to involve colocalisation between TUNEL
and caspase-3 positive staining, appears to be mainly sustained by the mitochondrial caspase-9mediated pathway. We demonstrated moreover that urocortin expression is increased only in those
myocytes, which are not apoptotic, suggesting that endogenous urocortin can also protect the
human myocardium from IRI.
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SECTION 1

INTRODUCTION

1.1.1 FALLING LEAVES

Individual cells within the organism may die either by accident or design.
Accidental cell death, termed necrosis and more recently oncosis by pathologists, is
always seen in a pathological contest, where it may accompany several diseases or
be caused by lethal external forces. Conversely, death by design was firstly observed

in a physiological setting, insect metamorphosis, and was called “programmed cell

death", as part of a genetically regulated developmental programme (Lockshin and

Williams, 1964; Loschshin, 1969, 1971). This type of cell death was functionally

described as a pivotal counterpoise to cell division or mitosis, aimed at the survival of

the organism. In this context, the mystery of death helping life unveils, since

programmed cell death, paradoxically, is involved in the very beginnings of life and
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proves to be essential for its continuation. Spectacular examples of this physiological

role exerted by programmed cell death are the transformation of caterpillar to

butterfly and maggot to fly, as well as the loss of the tad-pole tail and the carving of

the pentadactyl limb (Looss, 1889; Glucksmann, 1951; Saunders, 1966).

The Drosophila gene reaper provides an outstanding example of how

programmed

cell

death

can

be

initiated

and forestalled

by transcriptional

mechanisms. The gene reaper is transcriptionally activated around two hours prior to
developmental and injury-induced deaths in this organism. Drosophila apoptosis can
also occur without reaper transactivation but requires very substantially enhanced
stimuli, suggesting that reaper adjusts a threshold for apoptosis initiation (White et al,

1994). Besides its implication in normal embryological development, morphogenesis

and metamorphosis, programmed cell death, less stunningly, though still importantly,

plays also a major homeostatic role in fully-grown organisms. In terms of kinetics

such organisms are, as a matter of fact, in a status of dynamic equilibrium. Cells are

born and therefore must die by the hour.
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The loss of dead cornified cells from the surface layers of the skin, the cellular

renewal in the villi of the intestine and the maintenance of the size and shape of the

liver are processes in which apoptosis is essential in maintaining the balance between

cell populations. The alteration of the push-pull relationship existing between

apoptosis and mitosis can lead to the development of disease (Table 1.1). Viral
hepatitis and some degenerative diseases of the nervous system may be deemed

pathological conditions in which deregulation of apoptosis in excess is responsible for
atrophy and organ failure respectively. At the other extreme, a defective apoptotic

process leading to the persistence of "undesirable cells" may be implicated in the
pathogenetic

mechanism

of

cancer,

immunological

diseases

and

congenital

malformations.

The gaining awareness of this homeostatic role played by programmed cell

death led to the pioneering adoption of the term “apoptosis", functionally defined as

an equal and opposite force to mitosis (Kerr et al 1972). Apoptosis was viewed as a

positive type of programmed cell death, very well characterized from a morphologic
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Standpoint, and occurring not only during early development, but also throughout the

entire metazoan life. The term apoptosis derives from the ancient Greek word

aTTOTTToaia, meaning a “falling away” , which aptly refers to the fall of petals and

leaves. In a footnote, Kerr et al thank a professor of Greek for the suggestion of the

term apoptosis “used to describe the dropping off or falling off of petals from

flowers, or leaves from trees” . This etymology was introduced to underline the fact
that apoptosis hits single cellular elements scattered in the tissue, whilst necrosis

strikes extensively all the cells of the damaged tissue, assuming a confluent a sp ecf.

1.1.2 SETTING IN ORDER NON-NECROTIC CELL DEATH

There is still considerable confusion in the literature between the terms

“programmed cell death” and “apoptosis” , and indeed other forms of cell death.

^ The word ajtoTCToaia was originally coined in the medical writings by Hippocrates of Cos, the
father of western medicine (ca.460-370 BO) in the book MOXAIKON, a treatise on the reduction
of dislocations (Degli Espositi, 1998). It appears at line 21 of chapter 35:376 (Kuehlewein, 1902)
and refers to the “falling off of the bones" (Figure 1.1). Note that the original text contains the
word aTcoTiicôiea, namely the plural of aTcoTuxoaio. Subsequently, Galen (129-201 AD) adopted
the word aTuoTcxoaia not only in the context of bone fractures, as previously done by Hippocrates,
but also referring to the “dropping of the scabs”.

16

Despite the high similarity, developmental and homeostatic cell deaths are not the

same kind of death process, occurring in different contexts. Definitions of apoptosis

not only encompass kinetic implications, but also include an array of typical features

(see hereafter), which often are not exhibited by cell undergoing programmed cell

death. On the other hand, as previously described, programmed cell death was

shown to have a genetic basis, which is not consistently observed for apoptotic cell

death. In fact, although apoptosis can be genetically driven, as demonstrated by the

classical work of Ellis, Yuan and Horovitz (1991), some apoptotic features, such as
endonuclease activation (see hereafter) can be spuriously induced without engaging a

genetic cascade.

From a taxonomic standpoint, to our knowledge, the most recent classification

of non-necrotic cell death envisages one apoptotic and three non-apoptotic types of

cell death (Bowen, 1993). This classification includes an additional type of non-

apoptotic cell death, differentiation to death, compared to the previous classifications

proposed by Scweichel and Merker (1973), and Clarke (1990).
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1.1.2.1 Type 1 cell death
Type 1 cell death, as previously defined (Scweichel and Merker, 1973, Clarke,

1990) accords with what we now call apoptosis, where there is clear cell shrinkage

followed by chromatin condensation and margination along the margins of the

nucleus.

1.1.2.2 Type 2 cell death
This type of cell death accords with that described by Clarke

(1990) in

neuronal cells, and earlier by Lockshin and Williams (1971) in insect metamorphosis.
The same kind of cell death was also reported with the name of “single cell deletion"

in a wide range of invertebrates (Bowen and Ryder, 1974, 1976). This kind of cell

death was referred to as vacuolar or autophagic, since morphologically it is

characterised by the appearance of an increasing number of autophagic vacuoles,

leading to final cell autolysis. Other morphological changes that have been observed

include an increased density of the nucleus, followed by eventual clumping of
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chromatin, but no overt margination of chromatin to the nuclear periphery, akin to

that seen in apoptosis.

1.1.2.3 Tye 3 cell death
Type 3 cell death is atrophic cell death, which accords with that described by

Clarke (1990). This kind of cell death was firstly described in neuronal cells by LeviMontalcini and Aloe (1981) and following by Server and Mobley, (1991) in response
to the withdrawal of nerve growth factor (NGF). In atrophic cell death the dilation of
roughendoplasmic reticulum, Golgi apparatus and nuclear envelope, occurring without

dispersion of the ribosomes, may be accompanied by vacuolisation of the
endoplasmic reticulum in the absence of autolysis. The nuclear changes are very

similar to those found in vacuolar cell death.

1.1.2.4 Type 4 cell death
The last type of non-apoptotic cell death is cellular differentiation that can be

deemed a sort of differentiation to death, since most differentiated cells are

postmitotic and never regain the ability to reproduce. To a large extent, therefore.

ly
differentiation, may be viewed as a genetically driven process leading to a special

kind of programmed cell death. All differentiating cells move along specialized

channels to death. It was envisaged that differentiation into somatic cell lines

inevitably render them apt to die, whilst undifferentiated stem- or germ-cell line are

potentially immortal.
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SECTION 2

1.2.1

THE MORPHOLOGICAL AND BIOCHEMICAL CHANGES OF

APOPTOSIS

Necrosis and apoptosis are death processes fully differentiable not only from

a morphological and biochemical point of view, but also in terms of consequences on
the neighbouring cells. Figure 1.2 illustrates the classification introduced by the
Society of Toxicologic Pathologists in 1999. In this classification, the term oncosis

identifies cell death by accident; in contrast, the term necrosis, according to the

recommendations of the Society, should be utilized for describing the morphological

changes occurring after cell death, independently of the way by which the cell comes

to die. In this dissertation, for our convenience, regardless of the nomenclature and

the semantic disputation, death by accident will be called with the more conventional

name of necrosis.
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There are many morphological and biochemical differences between necrosis

and apoptosis. Necrosis begins with an impairment of the cells ability to maintain

homeostasis, leading to an influx of water and extracellular ions. Intracellular

organelles, most notably the mitochondria, and the entire cell remarkably swell and

rupture. Due to the ultimate breakdown of the plasma membrane, the cytosolic

contents,

including

lysosomal

enzymes,

are

released

into the

extracellular

compartment. Therefore, in vivo, necrotic cell death is associated with extensive

tissue damage, resulting in an intense inflammatory reaction, characterized by
leukocyte infiltration and subsequent phagocytosis.

The morphological changes occurring in cells undergoing apoptotic cell death

involve nucleus, cytoplasm and plasma membrane (Arends and Wyllie, 1991).

Apoptotic cells round up, lose contacts with neighbouring cells, and finally shrink. This

phenomenon was originally called by Kerr “shrinkage necrosis" (Kerr, 1971). During

this shrinkage, apoptotic cells lose surface features such as microvilli and

desmosomes. In the cytoplasm, the endoplasmic reticulum, including the outer

nuclear envelope, dilates. The cisternae of the reticulum swell to form vesicles and
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vacuoles, many of which fuse with the plasma membrane, giving the apoptotic cell a

characteristic spongy appearance. In contrast, the other cytoplasmic organelles,

including mitochondria, remain intact. The pivotal role played by mitochondrial

intermembrane proteins in initiating and sustaining the apoptotic process deserves

special consideration and will be discussed hereafter.

There is good preservation of ultrastructure, although loss of water and

shrinkage leads to a compaction of the cytoplasm, which results in an increase in cell
density. The plasma membrane of such cells becomes active and convoluted,
eventually budding or “b/ebb/ng" in such a way that the cell breaks up in a florid
manner,

leading

to

a falling

away

(or,

in

Greek,

apoptosis)

of

several

membrane-bound spheres, known as apoptotic bodies, of various sizes. Under

physiological conditions these bodies remain viable and will exclude vital dyes, such

as trypan blue or nigrosine. They are not frequently seen in tissue sections, however,

since they are rapidly phagocytosed by neighbouring cells or by macrophages,

ending up within phagocytic and digestive vacuoles or lysosomes, where they are
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finally digested. This process of phagocytosis is usually so rapid that no inflammatory

response occurs in the tissue (Vermes and Haanan, 1994).

Coordinated changes also occur in the nucleus of apoptotic cells. During the

early phases, chromatin appears to condense and aggregates into dense compact

masses along the margin of the nucleus, a process often referred to as margination

of chromatin. The nucleus may become convoluted and may bud off into several

fragments within the forming apoptotic bodies. Where apoptotic cells or apoptotic
bodies are not rapidly removed by engulfment in other cells, they eventually lose
membrane integrity and exhibit necrotic changes, often referred to as secondary
necrosis.

1.2.2 NUCLEAR EVENTS

Nuclear features of apoptosis include chromatin condensation and large-scale

DNA fragmentation followed by rapid double-strand fragmentation of DNA at the
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internucleosomal linker regions. These three nuclear features represent as many
c

biochemical hallmarks of apoptotic cell death.

i

O

'§

c/5

O

Chromatin condensation and relatively large (-5 0 kbp) DNA fragments are

produced by apoptosis inducing factor (AIF), a nuclear-encoded | flavoprotein that, in

normal cells, is strictly confined to the mitochondrial intermembrane space (Daugas

et al, 2000). In response to death stimuli, AIF relocates from the mitochondria to the
cytoplasm and finally to the nucleus, where it induces chromatin condensation and its
concomitant digestion into fragments of approximately 50 kilobases. This large-scale
DNA fragmentation, in several cellular models of apoptosis, precedes a typical
double-strand fragmentation of DNA at the internucleosomal linker regions.

One of the nucleases primarily responsible for this oligonucleosomal DNA

fragmentation during apoptosis is called DNA Fragmentation Factor 40 (DFF40) or

Caspase-activated

DNase

(CAD).

DFF40/CAD

is

a

magnesium-dependent

endonuclease specific for double stranded DNA that generates double strand breaks
with 3'-hydroxyl ends. In normal cells, DFF40/CAD is bound to its inhibitor.
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DFF45/ICAD, in form of inactive dimer. During the execution of apoptosis, cleavage

of DFF45/ICAD by caspase-3 (see hereafter) leads to

release of activated

DFF40/CAD. DNA cleavage at sites located between nucleosomal units (linker DNA)

generates mono- and oligo nucleosomal DNA fragments (Figure 1.3). These DNA

fragments reveal, upon agarose gel electrophoresis, a distinct ladder pattern

consisting of multiples of an approximately 180 bp subunit (Enari et al, 1998).

1.2.3 CYTOPLASMIC EVENTS - CASPASE ACTIVATION

The loss of water experienced by cells early on in apoptosis leads to an

increase in density. Thus, apoptotic cells can be separated in a Percoll density

gradient, since they end up denser than normal cells. The cells also shrink and

eventually break up to smaller, spherical apoptotic particles. These changes in

cellular size and particle size can readily be measured by techniques such as flow

cytometry, which can be used to separate off apoptotic cells.
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Although the mechanisms involved in the cell size and shape changes are not

yet fully understood, it is well known that most of them do require activation of pre

formed proteins. To draw a parallel, if a cell undergoing apoptosis is analogous to an

imploding building, then the explosives are caspases, proteases which dismantle the

apoptotic cell, by cleaving key cellular substrates such as cytoskeletal proteins,

nuclear proteins, and DNA repair enzymes.

Caspases are cysteine proteases that cleave substrates after a conserved
aspartate residue. They are generally divided into two categories, the initiator
caspases, which include caspase-2, -8, -9, and -10, and the effector caspases, which

include caspase-3, -6, and -7 , and are regarded as being the real executioners of

apoptosis. All apoptotic caspases exist in normal cells as inactive enzymes analogous
to the zymogens involved in the regulation of blood clotting (Srinivasula et al. 1997).

Activation of caspases starts with cleavage into their constituent subunits.

After cleavage the caspase molecule reconstitutes as a heterodimer consisting of a

large and small subunit and two heterodimers function as the active caspase. Once
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activated,

initiator

caspases

cleave

downstream

caspases,

resulting

in

an

amplification of the caspase cascade.

The effector caspases are responsible for the proteolytic cleavage of a broad

spectrum of cellular targets, leading ultimately to cell death (Thornberry and

Lazebnik, 1998). The known cellular substrates include structural components (such
as actin and nuclear lamin), regulatory proteins (such as DNA-dependent protein

kinase),

inhibitors

of

deoxyribonuclease

(such

as

DFF45/ICAD),

and

other

proapoptotic proteins and caspases.

The availability and activation of caspases are crucial steps in the commitment

of a cell to die, so their inhibition is vital for cell survival. Since numerous cell types

including neurons and cardiac myocytes are known to survive for the life of the

organism, inhibition of apoptosis is a primary consideration in setting up cellular

survival mechanisms. When in close proximity caspases can autoactivate. Thus, in

addition to regulatory mechanisms that keep caspase activation in check, cells also

contain mechanisms for direct inhibition of active caspases. As the improper and
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untimely

activation

of

caspases

can

lead

to

human

disease,

such

as

neurodegenerative disorders, attention has focused on caspases as potential targets

for therapeutic intervention. Therefore, further understanding of the molecular and

structural basis by which cellular inhibitors directly overcome caspase activity

facilitate rational drug discovery (Nicholson, 2000).

1.2.4 PLASMA MEMBRANE EVENTS

As previously discussed, in contrast to necrosis, apoptosis occurs without
inflammation. In the in vivo setting, in fact, apoptotic bodies are promptly engulfed by
macrophages and other phagocytic cells (Vermes and Haanan, 1994). Thus,

apoptotic cells are actively removed from the population, without spilling their

contents and eliciting an inflammatory response. This involves the recognition of

apoptotic bodies by other cells and involves a number of plasma-membrane-based

mechanisms (Figure 1.4), some of them not yet utterly comprehended (Savill et al.,

1993). One mechanism involves loss of sialic acid, thus exposing glycoprotein side-

chain sugars (Duval et al, 1985; Savil et al, 1993). Another mechanism involves
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exposure and binding with phosphatidyl serine (Fadok et al, 1992). A third mechanism

involves secretion of thrombospondin by macrophages to form a molecular bridge

between the apoptotic plasma membrane and the macrophage membrane (Asch et

al. 1987).
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SECTION 3

1.3.1 MITOCHONDRIA AS MODULATORS OF APOPTOSIS

One of the most widely recognized features of apoptosis is the activation of
caspases, which cleave key substrates required for normal cellular functions, such as

cytoskeletal proteins, nuclear proteins, and DNA repair enzymes. Caspases involved
in apoptosis are generally divided into two categories, the initiator caspases, which
include caspase-2, -8, -9, and -10, and the effector caspases, which include

caspase-3, -6, and -7 . All apoptotic caspases exist in normal cells as inactive

enzymes analogous to the zymogens involved in the regulation of blood clotting

(Srinivasula et al. 1997).

There are currently two well characterized caspase-activating cascades that

regulates apoptosis: one is initiated from the cell surface death receptor (death

receptor-mediated pathway) and the other is triggered by changes in mitochondrial
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integrity (mitochondria-mediated pathway) (Green, 2000). The death receptor-

mediated pathway, which will be detailed hereafter, leads to the activation of

procaspase-8. In the mitochondria-mediated pathway, diverse proapoptotic signal

transduction and damage pathways converge on mitochondrial membranes to induce

their permeabilization, resulting in final activation of procaspase-9.

The role of mitochondria in apoptosis, until recently, was rather obscure,
owing to the fact that mitochondria during the death process do not exhibit any
prominent morphological changes. However, although mitochondria do not give any
appearance of self-destruction, they actually contain all the components necessary

to annihilate the cell by apoptosis. More recent studies have shown that mitochondria

undergo several major changes, including alterations in their membrane integrity,

even before any classical signs of apoptosis appear (Zamzami et al, 1996)

A number of mechanisms have been described to highlight the mitochondrial

involvement in apoptosis. High levels of cytosolic Ca^^ and excessive concentrations

of reactive oxygen species are known to contribute to the opening of the
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mitochondrial permeability transition pore (PTP), which depolarizes the mitochondria.

The PTP participates in the regulation of matrix Ca^" levels, pH, and volume. Adenine

nucleotide translocator (ANT) and the voltage-dependent anion channel (VDAC) are the

two principal components of PTP. The VDAC operates at the inner and outer

membrane contact sites and creates a channel that allows non-specific passage of

ions and molecules smaller than 1.5 kDa. The opening of this channel in the inner

membrane allows for equilibration of ions within the matrix and the intermembrane
space. This dissipates the electrochemical gradient (A'PJ and uncouples the
respiratory chain, leading to the cessation of ATP production (Kroemer et al, 1997;

Marzo et al, 1998). The disruption of the

which is attributed largely to the

damage of the inner mitochondrial membrane, occurs before DNA fragmentation,

indicating that mitochondrial injury is an early event in apoptosis.

In the low-conductance state, the opening of PTP is pH-dependent, which

permits the diffusion of only small ions, and is followed by spontaneous closing.

However, in the high-conductance state, the channel is stabilized in an open position

and allows water and bigger molecules to enter the protein rich matrix, leading to
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mitochondrial swelling. Consequently, the inner membrane, which has a far greater

surface area than the outer membrane, unfolds exerting pressure on the outer

membrane (Vander Heiden et al, 1997).

Several

apoptosis-inducing agents

are

known to trigger mitochondrial

uncoupling that results in a diminution of AYm. The Bcl-2 protein family includes pro-

and anti- apoptotic members. The main pro-survival members, Bcl-2 and Bcl-XL, are

responsible for maintaining the normal ion potential across the inner mitochondrial
membrane and therefore the proper mitochondrial membrane potential (Kroemer et

al, 1997; Marzo et al, 1998). Bcl-2 and other anti-apoptotic members of the Bcl-2
family are located in the outer mitochondrial membrane. Bcl-2 is especially enriched

at contact sites, where the inner and outer membranes come in close proximity.

Unlike other apoptotic members of the family, which act by inhibitory

interaction with Bcl-2 and Bcl-XL, Bax appears to induce apoptosis by moving from

the cytosol to the mitochondrial membrane, where it forms channels that alter the

normal mitochondrial physiology (Martinou and Green, 2001). Consistent with these
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interpretations are the findings that the extent of Bax relocation does not correlate

with the amount of Bcl-2 and Bcl-XL inserted in the mitochondrial membrane, and also

that Bax-induced apoptosis is not abolished when Bax is deprived of its BH3 domain

and amphipathic a-helix, which accounts for all dimérisation within the family.

In contrast with this hypothesis, Desagher documented that the appearance of
Bax mitochondrial staining during apoptosis was not due to an increased level of

mitochondrial Bax, which was continuously present in mitochondria, but rather to a
conformational change of the protein, maybe the result of Bax proteolysis, which led
to unmasking of its NH2-terminal domain (Desagher et al. 1999). The exposure of the
Bax immunoreactive domain was mediated by Bid, another pro apoptotic member of

the Bcl-2 family. In particular, the structural change of Bax was explained with Bid

translocation to mitochondria, followed by direct binding of Bid to Bax that was

observed in cells undergoing staurosporine-induced apoptosis (Desagher et al,

1999). Finally, in a different system Li and Luo (Li et al, 1998; Luo et al, 1998)

reported that during Fas and TNF-mediated apoptosis. Bid (see hereafter) becomes

cleaved by caspase-8 and its COOH-terminal domain translocates to mitochondria,
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where it is responsible for the release of cytochrome C. The three different theories

exposed above sketch out a scenario in which the roles played individually and

reciprocally by Bax and Bid within apoptotic cell death appear to be still highly

controversial.
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SECTION 4

1.4.1 THE MITOCHONDRIA-INITIATED PATHWAY

As previously mentioned, the inner membraneoccupiesa much greater surface
area than the outer membrane. Consequently, the opening of PTP in their high-voltage

state, leads to unfolding of the inner membrane, which ultimately exerts pressure on
the outer membrane. As a result, the outer membrane ruptures and causes the
release of pro-apoptotic factors that are normally confined to the intermembrane

space of mitochondria. The mitochondria-initiated pathway was discovered by the

observation that the addition of ATP, or preferably dATP, to cell extracts prepared

from normally growing cells initiates an apoptotic program, as measured by

caspase-3 activation and DNA fragmentation (Liu et al 1996).

Biochemical fractionation and reconstitution experiments have led to the

identification of three proteins that are necessary and sufficient to activate caspase-3
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in vitro. Absorbance spectrum, protein sequencing and immunoreactivity identified

the first protein factor as human cytochrome c. Cytochrome c is indeed released

from mitochondria in cells undergoing apoptosis induced by a variety of stimuli (Yang

et al 1997, Scaffidi et al 1998).

Once released from the mitochondria, cytochrome c works together with the

other two cytosolic protein factors, Apaf-1 and procaspase-9, to activate caspase-3
(Li et al 1997) (Figure 1.5). Apaf-1 is a 130-kDa protein consisting of three distinctive
domains. The N-terminal shows homology with the prodomain of several caspases
such as caspase-1, caspase-2, and caspase-9. This domain is proposed to function
as the caspase recruitment domain (CARD) that binds caspases with a similar CARD

(Hofmann et al 1997). Of all the CARD-carrying caspases, only procaspase-9 is

activated by Apaf-1 (Hu et al 1998). The second domain of Apaf-1 contains two highly

conserved regions required for nucleotide binding (Zou et al 1997). The C-terminal of

Apaf-1 includes a motif that mediates protein-protein interactions.
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Procaspase-3 activation by Apaf-1 and caspase-9 has been characterized

using highly purified recombinant Apaf-1 and procaspase-9. Biochemical analysis

reveals a multistep reaction leading to caspase-3 activation. First, Apaf-1 binds

ATP/dATP and hydrolyzes it to ADP and dADP, respectively. This hydrolysis, however,

does not have any functional consequence if cytochrome c is absent. Likewise,

cytochrome c will bind Apaf-1 in the absence of ATP. This complex, however, is

unstable and inactive. In contrast, in the presence of cytochrome c, the binding and

hydrolysis of ATP/dATP promote the formation of a multimeric Apaf-l/cytochrome c
complex, called apoptosome. This complex is fully functional in recruiting and

activating procaspase-9 (Zou et al

1999). Therefore, the formation

of the

apoptosome c represents the commitment step in caspase activation.

Once this complex is formed, procaspase-9 is recruited to the complex at

approximately 1:1 ratio to Apaf- I and becomes activated through proteolysis. The

active site mutant of procaspase-9 cannot be activated even though it can be

recruited to the complex. This finding suggests that Apaf-l-mediated procaspase-9

activation is through autocatalysis (Zou et al 1999). Finally, activated caspase-9 is

subsequently released from this complex to cleave and activate downstream

caspases such as caspase-3, -6, and -7. The formation of this multimeric

Apaf-l/cytochrome c complex may serve two purposes: first, to increase the local

concentration of procaspase for intermolecular cleavage and, second, to set the

threshold of caspase activation relatively high, so that occasional leakage of

cytochrome c will not cause cells to commit to apoptosis.

The linear caspase activation pathway that begins with mitochondrial damage
followed by cytochrome c release and Apaf-1 activation has been confirmed in vivo,
as shown by the recent results from the gene knockout experiments. First caspase-3,
caspase-9, and Apaf-1 knockout mice show remarkably similar phenotypes. All these

knockout mice display excessive neuronal cells, both progenitors and mature

neurons, in their brains. These mice die within one or two days postnatal.

Furthermore, in Apaf-1 knockout mice, caspase-9 and caspase-3 cannot be activated

in response to various apoptotic stimuli, even though cytochrome c release still

occurs. Likewise, caspase-3 activation is abolished in caspase-9 knockout mice

(Hakem et al 1998, Kuida et al 1998, Yoshida et al 1998).
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1.4.2 DIRECT INHIBITORS OF CASPASES

Much of our understanding of mechanisms of direct caspase inhibition has

come from the study of viruses and the mechanisms they use to overcome cell

death. Upon viral infection, cells commit suicide and die by apoptosis as an altruistic
defence mechanism to benefit the organism. Several viruses have built into their

genome apoptosis-inhibiting arsenal, including proteins that directly inhibit caspases
(Ekert et al, 1999).

Genetic analysis of the baculovirus genome led to the identification of a direct

caspase inhibitor protein, p35. Baculovirus p35, which is a pan-caspase inhibitor,

displays a fairly broad specificity inhibiting cell death in insects, nematodes, flies, and

mammals. Caspase inhibition by p35 involves substrate trapping of the active enzyme

and correlates with cleavage of p35 reactive site, leading to translocation of its N

terminus into the active site of caspases. (Zhou et al, 1998). No homologs of p35

have been identified in animals.
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The cytokine response modifier (crmA), a serpin from cowpox virus, is an

inhibitor of caspase-1 and caspase-8 and can suppress the host inflammation

response by blocking caspase-1, in addition to blocking apoptosis of the host cell.

Mechanistically the function of crmA is analogous but not identical to p35. Like p35,

crmA is cleaved by the protease it inhibits but distortion of the active site due to a

conformational change in the enzyme/substrate complex prevents further substrate
hydrolysis (Renatus et al, 2000). The cleavage site on each of these protein inhibitors
is one of the determinants that lend specificity for different caspases. However,
optimising the cleavage site by altering the amino acid residues is not always
sufficient to generate more efficient inhibitors (Renatus et al, 2000). This indicates

that there are additional determinants for specificity of pseudosubstrate inhibitors for

different caspases.

Baculoviruses harbour yet another type of caspase inhibitor, the inhibitor of

apoptosis proteins (lAPs). These proteins are characterized by the presence of a

homologous domain named the baculoviral lAP repeat (BIR) domain and lAPs
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containing from one to three BIR domains have been described. By this criterion, lAP

family proteins have been identified in a variety of organisms from viruses to

mammals (Deveraux and Reed, 1999). The lAPs, originally identified in the genome of

baculovirus, based on their ability to suppress apoptosis in infected host cells,

antagonize cell death by interacting with and inhibiting the enzymatic activity of

mature caspases. Eight distinct mammalian lAPs, including XIAP, c-IAPl, C-IAP2, and

ML-IAPAivin (Ashhab et al, 2001; Kasof and Gomes, 2001; Vucic et al, 2000), have

been identified, and they target the initiator caspase, caspase-9, and the effector
caspases, caspase-3 and -7 (Deveraux and Reed, 1999). Conversely, These lAP
proteins do not inhibit other caspases, such as caspase-6 or -8.

The functional unit in lAPs, the baculoviral lAP repeat (BIR), contains -80 amino

acids folded around a zinc atom. XIAP, c-IAPl, and C-IAP2 contain three BIR domains

each, with the different BIR domains exhibiting distinct functions. In these lAPs, the

third BIR domain (BIR3) potently inhibits the activity of processed caspase-9, whereas

the linker region between BIRl and BIR2 selectively targets caspase-3 and -7 (Fesik

and Shi, 2001; Shi, 2001). This inhibition is highly specific; for example, BIR3 exhibits
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no inhibition of caspase-3 even at elevated concentrations, whereas the linker region

between BIRl and BIR2 has no impact on caspase-9. Mutational analysis revealed

that, in the XIAP-linker-BIR2 fragment, substitution of Asp 48 or| Lys 141 to Ala nearly

abolished caspase-3 inhibition (Sun et al, 1999).

The corresponding BIR domains in XIAP, c-IAPl, and C-IAP2 are highly

conserved in both sequence and function. For example, BIR3 of XIAP is more similar
to BIR3 of c-IAPl or C-IAP2 than to BIR2 or BIRl of XIAP. In contrast to these lAPs,
ML-IAPAivin, which is highly expressed in melanoma and lymphoma, contains only a

single BIR domain but was reported to inhibit both caspase-3 and -9 (Ashhab et al,
2001; Vucic et al, 2000). Another single BIR-containing lAP, survivin, does not inhibit

caspase activity in vitro. In contrast to the relatively stable expression levels of other

lAPs, expression of survivin oscillates with cell cycle and peaks at the G2/M phase (Li

et al., 1998). Survivin appears to play an important role in mitosis (Altieri, 2001; Li et

al, 1998).
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1.4.3 CASPASE REACTIVATION BY Smac/DIABLO

During apoptosis, the lAP-mediated caspase inhibition is removed by a

mitochondrial

protein

named Smac (second mitochondria-derived activator of

caspases) (Du et al, 2000) or DIABLO (direct lAP-binding protein with low PI)

(Verhagen et al, 2000). Upon stimulation of apoptosis, Smac/DIABLO is released

from the intermembrane space of mitochondria into the cytosol, together with
Cytochrome c. Whereas Cytochrome c directly activates Apaf-1 and caspase-9,
Smac/DIABLO interacts with multiple lAPs and removes lAP-mediated inhibition of
both initiator and effector caspases, by interacting with their BIR domains. (Chai et al,

2000; Srinivasula et al, 2000). Specifically, the binding is mediated by a four amino

acid motif at the N terminus of Smac/DIABLO via hydrogen bonds and hydrophobic

interactions with a surface groove on BIR3 of XIAP (Wu et al, 2000; Chai et al, 2001;

Liu et al, 2001). Smac/ DIABLO can also interact with BIR2 of XIAP but not BIRl (Chai

et al, 2000).
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To overcome the inhibition of caspase-3, binding to the BIR domain adjacent to

the linker may destabilize the IAP-caspase-3 interaction, releasing the active enzyme

(Figure 1.6). However, Smac/ DIABLO competes with caspase-9 for binding to the

same pocket of the BIR domain of XIAP via the common lAP binding motif (Srinivasula

et al, 2000) (Figure 1.7). Thus, although lAPs use different mechanisms to inhibit

initiator and effector caspases, the mechanism of antagonizing lAPs is conserved and

requires interaction of cell death-inducing proteins with the conserved BIR domain of
lAPs.
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SECTION 5

1.5.1 THE DEATH RECEPTOR-MEDIATED PATHWAY

One pathway that leads to caspase activation is initiated by the engagement of

cell surface death receptors with their specific ligands. Cell surface death receptors
are a family of transmembrane proteins that belong to the tumor necrosis factor
(TNF)/nerve growth factor (NGF) receptor superfamily. Mammalian death receptors

include Fas/APO-l/CD95, TNFRI, DR-3/Apo-3fWSL-l/TRAMP, and the TRAIL receptors
DR4/FRAIL-RI and DR5/TRAIL-R2/FRICK2/KILLER (Ashkenazi & Dixit 1998). These

receptors share a conserved cysteine-rich repeat at their extracellular domains.

Although the regions of greatest sequence homology between superfamily members

are extracellular, Fas and TNFRI share a region of homology at the cytoplasmic face

(68 amino acids) termed the death domain (DD). This domain, which is discussed

below, is required for apoptotic signalling by both Fas and TNFRI.
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The activating ligands for these death receptors are structurally related

molecules that belong to the IN F gene superfamily (reviewed in Nagata 1997).

Fas/CD95 ligand (FasL) binds to Fas, INF and lymphotoxin a bind to TNFRI, Apo3

ligand (Apo3L) binds to DR3, and Apo2 ligand (Apo2L, or TRAIL) binds to DR4 and

DR5 (reviewed in Ashkenazi & Dixit 1998).

When the Fas receptor binds its ligand, this recognition event is translated into

intracellular signals that eventually lead to caspase activation. In particular, there are
three distinct steps: ligand-induced receptor trimerization, the recruitment of

intracellular receptor-associated proteins, and the initiation of caspase activation.

The binding of FasL to Fas receptor induces trimerization of Fas. The

cytoplasmic region of Fas, which contains a death domain (DD), recruits a DD-

containing adaptor molecule designated FADD (Fas-associating protein with death

domain). FADD also contains a death domain at its C terminus and binds to Fas via

interactions between the death domains. A single point mutation in this domain

abrogates the apoptotic signal, suggesting that the death domain is required for
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initiating the signal inside the cell (Boldin et al 1995). Several other novel proteins

that contain homologous death domains have subsequently been identified, including

TRADD (TNF-receptor associated death domain), RIP (receptor interacting protein),

RAIDD, and MADD (reviewed in Cryns & Yuan 1998).

Whereas the death domain of FADD is necessary for physical association with
the ligand bound-death receptor complex (the death-inducing signalling complex, or

DISC), the N terminus of FADD, which is termed the death effector domain (DED), is
critical for recruiting the upstream procaspases such as procaspase-8 and/or
procaspase- 10. Procaspase- 8 contains two DED domains at the N-terminal region
through which it binds FADD. The C-terminal domain of procaspase-8 contains a

caspase

homology

region.

Immediately

after

recruitment,

procaspase-8

is

proteolytically processed to its active form, consisting of large (-2 0 kDa) and small

(~12kDa) catalytic subunits (Boldin et al 1996, Muzio et al 1996), which assemble to

generate the

heterotetrameric structure shared by all known active caspases.

Finally, DISC-activated caspase-8 directly cleaves and initiates a cascade of
downstream effector caspases.
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1.5.2 REGULATION OF CELL SURFACE DEATH RECEPTOR ACTIVATION

There are three distinct mechanisms involved in regulation of death receptor

activity. The first mechanism prevents procaspase recruitment and/or activation at

the DISC. Recently, several endogenous inhibitors of death-receptor-induced caspase

activation have been identified (reviewed by Cryns & Yuan 1998). One group of these

inhibitors belong to a family of viral proteins, FADD-like ICE inhibitory proteins (vFLIPs),
which contain two DEDs (Flu et al 1997, Thome et al 1997). The presence of DEDs in

these proteins prevents procaspases recruitment to the DISC by competing with the
procaspases for binding to the DED of FADD.

A mammalian homologue of viral FLIP (cFLIP: cellular FLIP), subsequently

identified by several laboratories, is also known as Casper, l-FLICE, FLAME, CASH or

MERIT (Srinivasula et al 1997, Inohara et al 1997b, Hu et al 1997, Goltsev et al

1997, Han et al 1997). There are two alternatively spliced forms of FLIP, FLIP-long

and FLIP-short. Interestingly, in addition to the two N-terminal DEDs, FLIP-long
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possesses a C-terminal domain that resembles caspase-8, although it lacks protease

activity due to the absence of several conserved residues at the caspase active sites.

As expected, both isoforms of cellular FLIP bind to FADD, procaspase-8, and

procaspase-10 via DED interactions (Irmler et al 1997) and block the processing of

procaspases at the DISC, due to the competition for DED (Irmler et al 1997, Goltsev

et al 1997). Consistent with this mechanism, cells transfected with FLIP became

resistant to death-receptor-inducing stimuli, but not to other apoptotic stimuli such as
staurosporine or UV-irradiation(lrmler et al 1997).

The second mechanism for inhibiting death-receptor-induced apoptosis is

through the expression of decoy receptors for TRAIL. Decoy receptors are closely

related to the TRAIL receptors DR4 and DR5 (Golstein 1997). However, this receptor

lacks the cytoplasmic domain (DcRl) or contains a cytoplasmic region with a

truncated

death

domain

(DcR2),

thereby

specifically

inhibiting

TRAIL-induced

apoptosis by sequestering the TRAIL ligand away from the death receptors DR4 and

DR5 (Marsters et al 1997). Interestingly, normal human tissues express these decoy

receptors more abundantly than tumor tissues (reviewed in Ashkenazi & Dixit 1998),
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raising the possibility that the increased sensitivity to apoptosis in tumors is partly

due to the decreased expression of decoy receptors.

Recently, the identification of a different type of decoy receptor has been

reported. Unlike decoy receptors I and 2, which are specific for TRAIL ligand, decoy

receptors 3 (DcRS) can bind Fas ligand and block its binding to Fas receptor (Pitti et
al 1998). In addition, DcRS is amplified in lung and colon cancer cells. Although its

significance is not yet clear, it is intriguing to speculate that the overexpression of
DcRS may provide a mechanism for tumor cells to evade the immune surveillance by

cytotoxic lymphocytes.

Finally, the third mechanism for preventing death-receptor-inducing stimuli is

by directly inhibiting the proteolytic activation of the initiator procaspases such as

procaspase-8 or procaspase-10. An example of this class of inhibitors is the viral

protein crmA, previously mentioned. CrmA can inhibit both autoproteolytic activation

of procaspase-8, as well as the ability of caspase-8 to cleave Bid (discussed below),

which then leads to cytochrome c release and the activation of the downstream
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caspases (Luo et al 1998, Li et al 1998). Most recently, a 60-kDa protein, silencer of

death domains (SODD), has been identified (Jiang et al 1999). In the absence of TNF

treatment, SODD is associated with the death domain of tumor necrosis factor

receptor type I (TNF-RI), thereby preventing the spontaneous signalling by death

domain-containing receptors.

Despite recent advances in understanding how ligand binding to cell surface

death receptors initiates caspase-8 activation, one puzzle still remains. In some cell
types, caspase-8 is activated within minutes of Fas activation. However, in other cell
types, caspase-8 activation proceeds much slower. The activation step often occurs
within several hours and can be inhibited by overexpression of Bcl-2 on the

mitochondria. Interestingly, the levels of FADD and procaspase-8 are indistinguishable

between these two cell types. Instead, the rate of the DISC formation is very different

(Scaffidi et al 1998). The explanation for this phenomenon is currently unknown.

Unlike the mitochondrial pathway, the in vitro system for caspase-8 activation is not

available; therefore, it is still unclear whether there are other factors involved in

addition to FasL, Fas, FADD, and SODD.
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1.5.3 ROLE OF BID IN THE CROSS TALK BETWEEN PATHWAYS

In certain TNF/Fas-treated cells, activated caspase-8 is released from the

DISC within 5 seconds of receptor triggering (Medena et al, 1997). This leads to the

apparently simultaneous activation of the apoptotic effectors caspase-3 and caspase7, after which caspase-3 has been shown to cleave the additional downstream

targets caspase-6 and caspase-2 (Hirata et al, 1998; Slee et al. 1999). The resulting
cell death is rapid, is not appreciably inhibitable by Bcl-2, and has been designated as

type I death (Scaffidi et al, 1998). In contrast, in many other cells types (designated
type II), both caspase activation and cell death arise only relatively slowly after

FasANFRl activation of caspase-8. In such cells, caspase-9, a target of the

mitochondrial cell death pathway, is activated before caspase-3. Consistent with

mitochondrial involvement, this type of cell death is inhibited by both Bcl-2/Bcl-xL and

survival factors. The mechanistic differences between type I and type II cells remain

the subject of controversy. For some unclear reason, DISC assembly in type II cells

seems to be delayed and asynchronous, but this! does not explain why the death
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receptor-caspase-8 pathway should depend on the apparently unrelated mitochondrial

death pathway for its ability to induce apoptosis. One likely link between caspase-8

and mitochondria is the BH3 protein, Bcl2-interacting protein (BID), a mammalian

homolog of the nematode death-inducing protein EGL-1 (Conradt and Horvitz, 1998).

When cleaved by caspase-8, BID translocates to the mitochondria, where it

induces proapoptotic mitochondrial changes and leakage of cytochrome c (Luo et al,

1998). This, in turn, induces autoprocessing of caspase-9 in the multimeric complex
called apoptosome with dATP and Apaf-1 (Li et al, 1997; Zou et al, 1999). Hence, BID
can unilaterally cross-link the death receptor- and the mitochondria-initiated pathways.
BID is

not the

only cytosolic

protein that

can

mediate

caspase-8-induced

mitochondrial changes, given that BID-depleted cytosolic extracts treated with

caspase-8 still induce release of cytochrome c from the mitochondria (Steemans et

al, 1998).

This is consistent with the observation that caspases-6 and -7, which do not

cleave BID, nonetheless also induce the release of cytochrome c from mitochondria.
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implying the presence of caspase substrates other than BID that can trigger

cytochrome c release from mitochondria (Bossy-Wetzel and Green, 1999). One such

possible mediator is Bax, which translocates in a caspase-dependent manner to

mitochondria after Fas activation (Murphy et al. 1999). However it happens, activation

of the death-receptor-FADD- pathway in type II cells leads to release of mitochondrial

cytochrome c and activation of caspase-9.

Once activated, caspase-9 can itself propagate a caspase cascade. Caspase9 directly cleaves and activates caspase-3 and 7. In cell extracts, caspase-3 then
activates caspases-2 and -6 , followed later by the activation of caspase-8 and -10.
Appropriate immunodepletion of cell lysates indicates that, in this instance, caspase-6

is required for the downstream activation of caspase-8 (Slee et al, 1999).

Taken together, these observations indicate the existence of an amplifying

feed-forward loop involving the mitochondrial/caspase-9 cell death pathway that is

recruited during death receptor signaling in type II cells and that serves to amplify the

relatively weak initial activation of caspase-8 by the DISC (Hakem et al, 1998; Kuida
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et al, 1998; Yoshida et al, 1998). The mechanism of activation of caspase-8 after the

release of cytochrome c remains somewhat obscure. As outlined above, caspase-6

appears to be required for caspase-8 activation in cell extracts from type II cells (Slee

et al, 1999), but it has also been suggested (Ferrari et al, 1998) that caspase-8

might be activated in a complex involving Apaf-1 and dATP, in a manner similar to

activation of caspase-9.
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SECTION 6

1.6.1 METHODS FOR STUDYING APOPTOSIS IN INDIVIDUAL CELLS

A number of methods are available to allow quantification of apoptosis in
individual cells. These methods have been developed on the basis of key apoptotic

events, which proved to be highly specific and easily reproducible, as well as
common denominators of the apoptotic pathway, regardless of the type of deathinducing stimuli.

As previously mentioned, DNA cleavage is a typical apoptotic hallmark, so that
assays measuring prelytic DNA fragmentation are especially attractive for the

determination of apoptotic cell death. The methods used to assess DNA strand

breaks are based on labelling/staining the cellular DNA. The labelled/stained DNA is

subsequently

microscopy.

analyzed

by flow

cytometry, fluorescence

microscopy or light
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In general, two different labelling methods may be used to identify cleaved

DNA in apoptotic cells:

1.

Enzym atic labelling'. Cellular DNA is labelled with modified nucleotides

(e.g., biotin-dUTP, DIG-dUTP, fluorescein-dUTP) using exogenous enzymes
(e.g., terminal transferase, DNA polymerase). This labelling detects

extensive DNA strand breaks (see 6.2)

2.

Staining with fiuorochrom es: Cellular DNA is stained with fluorescent

DNA-binding dyes (DNA-fluorochrornes), capable of intercalating into DNA.

Upon binding to DNA these dyes become highly fluorescent. Apoptotic

cells are binding less dye molecules, since they characteristically lose DNA

during the staining process (see 6.3)

In addition to the methods detecting DNA cleavage, apoptotic cell death can

also be studied by assays that measure alterations in plasma membranes, such as
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alterations in the asymmetry or permeability of individual cell membranes, which

occur as during apoptosis the membrane shrinks and becomes increasingly

convoluted. For instance, early in apoptosis phosphatidylserine translocates from the

cytoplasmic side of the membrane to the extracellular side and can be detected with

Annexin V (see 6.4).

1.6.2 THE TUNEL ENZYMATIC LABELING ASSAY

Extensive DNA degradation is a characteristic event, which occurs in the fairly

early stages of apoptosis. Cleavage of the DNA may yield double-stranded, low
molecular weight (LMW) DNA fragments (mono- and oligonucleosomes), as well as

single strand breaks ("nicks") in high molecular weight (HMW)-DNA. (Figure 1.8) Those

DNA strand breaks can be detected by enzymatic labelling of the free 3'-0H termini

with modified nucleotides (X-dUTP, X = biotin, DIG or fluorescein). Suitable labelling

enzymes include DNA polymerase (nick translation) and terminal deoxynucleotidyl

transferase (end labelling).
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DNA polymerase I catalyzes the template dependent addition of nucleotides

when one strand of a double-stranded DNA molecule is nicked. Theoretically, this

reaction (In Situ Nick Translation, ISNT) should detect not only apoptotic DNA, but

also the random fragmentation of DNA by multiple endonucleases occurring in cellular

necrosis.

Terminal deoxynucleotidyl transferase (TdT) is able to label 3' OH ends of

double-stranded DNA breaks independent of a template. The end-labelling method has
also been termed TUNEL (TdT-mediated XdUTP nick end labelling) (Bortner C.D. et al,

1995).

The TUNEL method is more sensitive and faster than the ISNT method. In

addition, in early stages cells undergoing apoptosis are preferentially labelled by the

TUNEL reaction, whereas necrotic cells are identified by ISNT (Gold et al, 1994).

Thus, experiments suggest the TUNEL reaction is more specific for apoptosis and the

combined use of the TUNEL and nick translation techniques may be helpful to

differentiate cellular apoptosis and necrosis
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To allow exogenous enzymes to enter the cell, the plasma membrane has to

be permeabilized prior to the enzymatic reaction. To avoid loss of LMW DNA from the

permeabilized cells, the cells have to be fixed with formaldehyde or glutaraldehyde

before

permeabilization. This fixation crosslinks

LMW DNA to

other cellular

constituents and precludes its extraction during the permeabilization step.

If free 3' ends in DNA are labelled with biotin-dUTP or DIG-dUTP, the
incorporated nucleotides may be detected in a second incubation step with
(strept)avidin or an anti-DIG antibody. The immunocomplex is easily visible if the
(strept)avidin or an anti-DIG antibody is conjugated with a reporter molecule (e.g.,

fluorescein, AP, POD).

In contrast, the use of fluorescein-dUTP to label the DNA strand breaks allows

the detection of the incorporated nucleotides directly with a fluorescence microscope

or a flow cytometer. Direct labelling with fluorescein-dUTP offers several other

advantages. Direct labelling produces less non-specific background with sensitivity
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equal to indirect labelling (Figure 1.9) and, thus, it is as powerful as the indirect

method in detecting apoptosis. Furthermore, the fluorescence may be converted into

a colorimetric signal if an anti-fluorescein antibody conjugated with a reporter enzyme

is added to the sample.

1.6.3 ASSAYS THAT MEASURE MEMBRANE ALTERATIONS

In contrast to necrosis, apoptosis occurs without inflammation. In the end
stages of apoptosis, apoptotic bodies are engulfed by macrophages and other
phagocytic cells in vivo (Vermes and Haanan, 1994). Thus, apoptotic cells are
removed from the population without spilling their contents and eliciting an

inflammatory response.

The exact mechanism by which the apoptotic cell becomes a target for

phagocytes is unclear. However, it has been shown that a number of changes in cell

surface markers occur during apoptosis, any one of which may signal "remove now"

to the phagocytes. These membrane changes include:
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Loss of terminal sialic acid residues from the side chains of cell surface

glycoproteins, exposing new sugar residues (Duval et al. 1985; Savil et al.

1993).

Emergence of surface glycoproteins that may serve as receptors for
macrophage-secreted adhesive molecules such as thrombospondin (Duval

et al, 1985; Savil et al, 1993).

Loss of asymmetry in cell membrane phospholipids, altering both the

hydrophobicity and charge of the membrane surface (Fadok et al, 1992).

The alteration in phospholipid distribution has become a valuable method for

the assessment of apoptotic cells.

In normal cells (Figure 1.10), the distribution of phospholipids is asymmetric,

with

the

inner

membrane

containing

anionic

phospholipids,

such

as
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phosphatidylserine, and the outer membrane having mostly neutral phospholipids. In

apoptotic cells however, the amount of phosphatidylserine on the outer surface of the

membrane increases, exposing phosphatidylserine to the surrounding liquid (Vermes

et al, 1995).

Annexin V, a calcium-dependent phospholipid-binding protein, has a high

affinity for phosphatidylserine (Vermes et al, 1995). Although it will not bind to normal

living cells, Annexin V will bind to the phosphatidylserine exposed on the surface of
apoptotic cells. Thus, Annexin V has proved to be suitable for detecting apoptotic
cells (Hormburg et al. 1995; Verhoven et al, 1995).

1.6.4 ASSAYS THAT USE DNA STAINS

There are three methods for the study of cell death using DNA stains: dye

exclusion method, profile of DNA content, morphological changes.
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1.6.4.1 DYE EXCLUSION METHOD

Viable (intact plasma membrane) and dead (damaged plasma membrane) cells

can be discriminated by differential staining. Cells with disturbed plasma membrane

permeability are stained, whereas undamaged (viable) cells are not stained with dyes
that do not penetrate the plasma membrane ("exclusion dyes") (Table 1.2). The most

frequently used dye for exclusion tests is trypan blue. In addition, the fluorescent dye,
propidium iodide (PI) that becomes highly fluorescent after binding to DNA, can be

used in the same manner. The stained and unstained cells are counted with a
standard light microscope (trypan blue), or flow cytometer (PI).

1.6.4.2 PROFILE OF DNA CONTENT

If cells are permeabilized, the LMW DNA inside the cytoplasm of apoptotic

cells leaks out during the subsequent rinse and staining procedure. The lower DNA

content of these cells means they contain less DNA stained by the fluorochrome.
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Thus, cells with lower DNA staining than that of G1 cells (the so-called "sub-Gl peaks")

have been considered apoptotic. The reduction in staining/DNA content of these cells

is measured by flow cytometry. The major disadvantage of this technique is that

apoptotic G2-Phase cells exhibit a reduced DNA content, which could represent the

DNA content of a Gl-cell. Therefore it may not be detected as apoptotic. This would

result in an underestimation of the apoptotic population.

1.6.4.3 MORPHOLOGICAL CHANGES

On the other hand, the bisbenzimidazole dye, Hoechst 33342 (and also

acridine orange), penetrates the plasma membrane and stains DNA in cells; without

permeabilization. In contrast to normal cells, the nuclei of apoptotic cells have highly

condensed chromatin that is uniformly stained by Hoechst 33342. This can take the

form of crescents around the periphery of the nucleus, or the entire nucleus can

appear to be one or a group of featureless, bright spherical beads. These

morphological changes in the nuclei of apoptotic cells may be visualized by
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fluorescence microscopy. They are also visible in permeabilized apoptotic cells

stained with other DNA binding dyes like DAPI.

Dive has reported that during a short exposure to Hoechst 33342, apoptotic

cells have stronger blue fluorescence compared to non-apoptotic cells (Dive et al,
1992). Co-staining of the cells with j PI allows the discrimination of dead cells from
apoptotic cells. If 7-amino-actinomycin is used instead of PI, cell surface antigens

immunostained with fluorescein and phycoerythrin may be quantitated simultaneously
(Schmid et al, 1994).

One drawback of using any vital staining method for measuring apoptosis is

the variability of active dye uptake in different cells and its possible change during

certain treatments. Therefore, the ability of Hoechst 33342 to discriminate apoptotic

cells from normal cells by increased uptake of dye has to be tested for each new cell

population (Schmid et al, 1994).
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SECTION 7

BIOCHEMICAL AND PATHOPHYSIOLOGICAL CHANGES INDUCED BY
BRIEF ISCHAEMIA ON MYOCARDIUM

1.7.1 EFFECT OF ISCHAEMIA

Sudden occlusion of a major branch of a coronary artery in a large-animal

heart, such as the dog heart, is followed by physiological and metabolic changes that

appear within seconds of the cessation of coronary flow. For example, energy

metabolism shifts from aerobic or mitochondrial metabolism to anaerobic glycolysis

after only 8 seconds of reduced arterial flow (Jennins et al, 1990). This shift occurs

as soon as the Og trapped in the tissue as oxyhemoglobin and oxymyoglobin is

consumed. Simultaneous with the shift in metabolism, effective contractions diminish

and then cease, and the myocardium stretches rather than shortens with each

systole.
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The membrane potential decreases and ECG changes appear. Because the

demand of the myocytes for energy far exceeds the supply from anaerobic glycolysis

and from reserves of high-energy phosphate, tissue ATP decreases and ADR begins

to

accumulate.

Creatine phosphate,

a major reserve source of high-energy

phosphate, decreases very quickly. It is 90% exhausted after 30 seconds of

ischemia, whereas ATP declines more slowly. Late in the reversible phase of

ischemia, however, 75% to 80% of the ATP present at the onset of ischemia has
disappeared (Jennings et al, 1985).

Anaerobic glycolysis provides 80% of the new high-energy phosphate

produced in zones of severe or total ischemia (Jennings et al, 1981). Because little

glucose is trapped in the extracellular fluid, anaerobic glycolysis utilizes glucose-l-P

from glycogenolysis as its substrate. In this process, 3 jiimol high-energy phosphate

is generated per each inmol glucose-l-P converted to 2 ^mol lactate. This lactate and

its associated H" accumulate, so that, after only 10 minutes of ischemia, the

intracellular pH decreases to 5.8-6.0, and the load of intracellular osmotically active
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particles, lactate, inorganic phosphate, creatine, etc, increases markedly (Jennings et

al, 1986). This osmotic load, however, causes only a modest increase in intracellular

HgO, because relatively little H^O is available in the extra cellular space of severely

ischaemic tissue to support the swelling process. This edema is visible on

transmission electron microscopy, however, as an increase in the sarcoplasmic

space (Jennings et al, 1986).

Tissue glycogen decreases and products of anaerobic glycolysis, such as
glucose-l-P,

glucose-6-phosphate,

a-glycerolphosphate,

and

lactate,

increase

(Jennings et al, 1986). The adenine nucleotide pool is degraded as the ADR formed
from the action of ATPases accumulates, because ADR is being formed quickly,

whereas rephosphorylation of ADR to ATP via anaerobic glycolysis is slowed by

acidosis and lactate (Rovetto et al, 1975).

The high-energy phosphate of ADR is captured for use via the action of

adenylate kinase. In the process, AMR is formed and accumulates intracellularly,

where it is degraded to adenosine. The adenosine diffuses to the extracellular fluid
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and is lost from the adenine nucleotide pool. In the extracellular fluid, adenosine is

further degraded to inosine and hypoxanthine. Both metabolites accumulate. The

result of these reactions is a reduction in the size of the adenine nucleotide pool. Late

in the reversible phase of ischemia, it falls to 30% to 40% of the initial level (Jennings

et al, 1985). A variety of substances, such as bradykinin (Wall et al, 1994; Noda et al,

1993; Martorana et al, 1990), opioids (Schultz et al, 1995), norepinephrine

(Schômig, 1990) and angiotensin (Martorana et al, 1990) are released into the
extracellular fluid during the first few minutes of ischemia. These join adenosine as
agents that can and do bind to receptors on myocytes and thereby stimulate
intracellular signaling systems.

These reactions occur quickly.

For example,

phosphorylase is activated only a few seconds after the onset of ischemia by the

norepinephrine that is released from intramyocardial sympathetic nerve endings as a

response to ischemia.

There is evidence in vitro in the isolated perfused heart that intracellular ionic

Ca2+ rises slightly late in the reversible phase (Steenbergen et al, 1987). This has

been difficult to confirm in vivo but seems likely to occur, because the rise in
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intracellular H" of ischemia causes intracellular Na to rise via Na"/H" exchange. The

increase in intracellular! Na" should serve to drivej Ca^" intracellularly via Na"/|ca^"

exchange. Conversely, no increase in total tissue |Ca^" or in the specific activity of Ca

accumulated in the tissue from the plasma reperfusing the myocardium can be seen

after 15 minutes of ischemia and 0.5, 3, or 20 minutes of reperfusion (Jennings et al,

1985).

1.7.2 EFFECT OF REPERFUSION

Sudden restoration of arterial flow to ischaemic living myocardium results in
restoration of aerobic metabolism and salvage of the ischaemic myocytes (Jennings

et al, 1990).

The tissue develops reactive hyperemia of marked degree (400% to 600%

increase in flow), which reaches a peak during the first 5 minutes of reperfusion and

then declines. Arterial flow returns to control levels by the time 15 to 20 minutes of

reperfusion has passed. A large excess of Og-derived free radicals appears during the
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first minute of reperfusion and peaks some 4 to 7 minutes after the onset of

reperfusion (Bolli et al, 1988).

Associated with this change is generalized mitochondrial and cell swelling

visible on electron microscopy (Jennings et al, 1985). The ECG changes of ischemia

disappear after 60 to 120 seconds of arterial reperfusion, and at about the same

time, the adenine nucleotide pool is converted to 90% ATP via the rephosphorylation

of the ADR and AMP that accumulated while the tissue was ischemic (Jennings et al,
1985). Lactate decreases to control levels as it is washed to the systemic circulation
or is oxidized to COg and HgO. The pH of the tissue returns to control levels in 0.5 to
2 minutes (Fleet et al, 1985).

Tissue creatine phosphate increases markedly and then overshoots (Allison et

al, 1997; Swain et al, 1984; Jennings et al, 2001). The tissue glucose level increases

by 4 to 6 times (Jennings et al, 2001) presumably because of the action of Glut-4

receptors that have moved from the sarcoplasm to the sarcolemma (Sun et al,
1994).
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1.7.3

MARKERS OF THE ISCHEMIC EPISODE IN THE REVERSIBLY

INJURED TISSUE

The ECG changes of ischemia persist for <1 minute of reperfusion, whereas

the reactive hyperemia disappears in 10 to 20 minutes (Jennings et al, 1990). The

ultrastructural changes of reversible ischemia disappear after 5 minutes of

reperfusion except for rare disrupted mitochondria. The swollen mitochondria
observed during the first minutes of reperfusion return to control volume, and the
myofibrils become contracted rather than stretched (Kloner et al, 1983). However,
the excess H^O and K" found early in reperfusion persist (Basuk et al, 1986). They

still are detected after 3 hours of reflow and probably persist for a longer period of
time.

The creatine phosphate overshoot is still present after 3 hours of reperfusion,

but the increased intracellular glucose is no longer detectable at this time (Jennings

et al 2001). The time of disappearance of the overshoot is unknown. The depressed
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adenine nucleotide pool is a prominent persistent monument to the injury, because

many hours are required to resynthesize it when this depletion is fully developed. The

delay in resynthesis occurs because de novo synthesis of adenine nucleotide is slow

in myocardium (Reimer et al, 1981; Lange et al, 1984).

Conversely, periods of ischemia of only 2 to 3 minutes in duration result in a

much smaller loss of the adenine nucleotide pool and are followed by reconstitution of
the pool in minutes or hours rather than days. It is of interest that the depressed pool
does not seem to have a significant impact on function, because catecholamine

administration results in the expected haemodynamic and contractile responses, all
of which require the pool of high-energy phosphate to turn over quickly.

Another testimony to the episode of ischemia is an increase in the content of a

variety of proteins within the myocyte, including superoxide dismutase (SOD) (Hoshida

et al, 1993), heat-shock proteins (Marber et al. 1993) and inducible nitric oxide

synthase (iNOS) (Takaro et al, 1998). These new proteins are synthesized during

reperfusion and are readily detectable after 24 hours of reperfusion; thus, they
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represent a response of the myocyte to ischaemic injury. The signaling process that

leads to the activation of the genes involved in their synthesis, however, remains

unknown.

1.7.4 THE PARADOX OF REPERFUSION - “REPERFUSION INJURY"

As previously mentioned, in clinical therapy of evolving acute myocardial infarction,
coronary reperfusion has been proven to be the only way to limit infarct size, provided it
occurs soon enough after coronary artery occlusion. However, there is also evidence that
reperfusion is accompanied by detrimental manifestations known as “reperfusion injury” .

Reperfusion injury refers to a causal event associated with reperfusion that had not

occurred during the preceding ischaemic period and can be entirely attenuated by an

intervention given only at the time of reperfusion. (Herse and Bolli, 1992). It classically

includes myocardial stunning, described hereafter, reperfusion arrhythmias and lethal

reperfusion injury. Clearly, reperfusion arrhythmias do not represent an important problem

for the clinician because their incidence is very low and they can be quite easily treated.
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Myocardial stunning, seen in the context of acute myocardial infarction, is

usually not a major clinical problem not only because it disappears spontaneously,

but also for its high sensitivity to inotropic agents. However, myocardial stunning can

become a serious concern for the clinician when it affects large portion of the

myocardium, impairing therefore the ejection fraction|(Bolli et al, 1988; Bolli, 1992).

Lethal reperfusion injury is defined as the situation in which cells only reversibly
damaged by an ischaemic insult are induced to die by the subsequent reperfusion (Kloner,
1993). However, for reperfusion injury to become irreversible, its relevant ischaemic

phase must set the stage, producing a reversible damage. In other words, ischaemic

alterations of cellular conditions are necessary prerequisites for lethal reperfusion injury,

but not in themselves sufficient causes for cell death.

Unfortunately, it is technically impossible to date to evaluate manifestation of

irreversible injury in the same piece of myocardium both before and after reperfusion.
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However, even though such direct assessments are not feasible, one valid, albeit

indirect, criterion for evaluating the presence of lethal reperfusion injury is to verify

whether modification of the conditions of reperfusion can prevent cell death,

otherwise

occurring

in

ischaemic-reperfused

myocardium.

This

technical/methodological issue has justified the skepticism of many eminent scholars

who for many years have underestimated or even refused to believe the existence of
reperfusion injury.

From a taxonomic point of view, based on the kinetics of the process,
reperfusion injury can be qualified as “immediate", when it occurs in minutes after the
onset of reperfusion, and “delayed “ , when it takes place a few hours after

reperfusion, supposedly delivered to the myocardium by activated polymorphic

neutrophils. We will be focusing on immediate reperfusion injury.

In most of studies on lethal reperfusion injury, the effects of antioxidants were

investigated. These studies were based on the hypothesis that oxygen-derived free

radicals produced upon reperfusion of ischaemic myocardium

represent the
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predominant cause of lethal reperfusion injury. This hypothesis was based on two

well-documented facts: free radicals are indeed produced during reperfusion, and

exogenously applied free radicals have negative effects on many cellular and

subcellular systems (Downey et al, 1992). A limitation of the hypothesis was,

however, the lack of a precise formulation of the mechanisms that were considered

to link free radical damage with hypercontracture and cell death (see hereafter).

Oxygen-derived free radicals are not the only candidate for the cause of reperfusion

injury, and other mechanisms must be looked at in order to further reduce morbidity
and mortality following, acute myocardial infarction. Apart from oxygen radicals

production, three potential initial causes of immediate reperfusion injury, including: a)

re-energization; b) rapid normalization of tissue pH and c) rapid normalization of

tissue osmolality, have been experimentally investigated.

1.7.4.1 ROLE OF RE-ENERGIZATION

It is the resupply of energy to the myofibrillar elements in the presence of an

increase of cytosolic

Ca^

concentration, which may become deleterious for the

XU
reoxygenated cell (Przyklenk, 1997). This because during the initial phase of

reoxygenation, the cytosolic] Ca^^ is still largely elevated and myofibrillar activation

therefore leads to uncontrolled excessive force generation. This sustained force

generation

causes

hypercontraction.

A hypercontracting

cardiac

muscle

cell

becomes severely injured in its cytoskeletal structures, since the deformation of

cytoskeletal elements, which goes beyond the degree found under normal contractile
shortening, is no longer readily reversible. The resulting state of irreversible cell

shortening is called “hypercontracture” . In tissue, hypercontraction of adjacent cells
may lead to mutual cellular disruptions and necrosis.

It has recently been demonstrated that hypercontraction may also be elicited

by a closely related mechanism (Gao et al, 1996). In cells capable of re-establishing a

normal cation control, the initial phase of C a" recovery in the reoxygenated cell may

be divided in two stages: (1) an early stage during which the cytosolic C a" level falls

due to uptake of C a" into the sarcoplasmic reticulum; and (2) a second stage during

which C a" is shifted in oscillatory manner between cytosol and sarcoplasmic

reticulum, until a sufficient proportion of the C a" level is extruded across the
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sarcolemma.

The

Ca^^

oscillations

of

the

second

stage

can

also

cause

hypercontraction. This is not solely explained, however, by the magnitude of the Ca^"

peak concentrations occurring during oscillations. It has been shown that the

susceptibility of reoxygenated cardiomyocytes to develop hypercontracture at a given

elevation of cytosolic C " is increased after a prolonged period of hypoxic energy

depletion (Ladilov et al, 1997). This means that hypercontraction in energy-depleted

and -repleted myocardial cells may be elicited by cytosolic Ca"" concentrations that

would not cause harm to a normal cell. The cause for this increased susceptibility
seems to reside in an increased fragility of cytoskeletal elements, which can no

longer resist large contraction forces.

1.7.4.2 ROLE OF TISSUE pH

Ischaemic

acidosis

can

attenuate

this

contractile

activation.

Rapid

normalization of tissue pH can act as a permissive factor for hypercontracture

elicited by re-energization and can also contribute to further Ca"" overload. Cell

swelling is the other major final cause for immediate lethal reperfusion injury. It

originates in the reperfusion situation from a too rapid normalization of extracellular

osmolality, leaving the intracellular fluid hyperosmolar.

The cytosolic pH in cardiomyocytes in reperfused myocardium has a

pronounced influence on the development of hypercontracture. After prolonged

ischemia, the cytosolic pH is markedly lowered because anaerobic metabolism and
the breakdown of ATP produce an excess of H \ This leads to an acidification of both

the intracellular and the interstitial space. Upon reperfusion, the pH in the interstitial
space is rapidly renormalized and a gradient is thus generated between the cytosol,
containing still high H" concentration, and the interstitium, where the H" concentration

is already re-normalized. This causes an activation of the H^ extruding mechanisms of

the cardiomyocytes, i.e., the Na'/H^ exchanger and the Na'/HCOg symporter (Piper

et al, 1996).

This process has two consequences. First, intracellular acidosis is rapidly

reduced. However, since Intracellular acidosis inhibits the myofibrillar machinery, the

rapid extrusion of excess H^ from the reoxygenated cell, inevitably removes a
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potentially protective factor. Second, activation of the Na"/H" exchanger causes a net

influx of Na" into the cytosol, which may eventually lead to a secondary activation of

the NayCa"" exchange mechanism, with worsening of the pre-existing Ca"" overload

of the cells. Therefore, if ischaemic-reperfused myocardial cells are allowed to

restore a normal intracellular acid-base balance, both rapid H" removal and

secondary Ca"" uptake predispose the development of hypercontracture.

1.7.4.3 ROLE OF RAPID NORMALIZATION OF TISSUE OSMOLALITY

One of the major causes for water influx into the ischaemic-reperfused

myocardial cell seems to be cytosolic Na" overload. The Na"/H"-exchanger plays a

major role in cell volume regulation (Inserte et al, 1997). In ischaemic myocardium,

the end products of anaerobic metabolism also accumulate, thus increasing the

osmotic load in the intracellular and the interstitial space. If, during reperfusion, the

extracellular excess of osmotically active molecules is rapidly washed out, an

osmotic gradient between the intracellular and the extracellular space is generated

(Garcia-Dorado et al, 1993). The cellular uptake of water is followed by increased

X4
intracellular pressure, causing mechanical stretch of the sarcolemma in a myocardial

cell whose mechanical fragility has been increased during the preceding energy

depletion.

In isolated cardiomyocytes, osmotic stress results in sarcolemmal disruption

only if the cell develops hypercontracture and has previously been submitted to
prolonged energy deprivation (Ruiz-Meana et al, 1996). The combination of these

factors seems to increase sarcolemmal fragility and render the cell more susceptible
to damage by osmotic stress. The results of these studies with highly hyperosmotic
reperfusion indicate that attenuation of the additional mechanical stress imposed by
swelling can limit myocardial necrosis during reperfusion (Kloner et al, 1976).

The mechanism of sarcolemmal fragility secondary to.energy deprivation is

not understood

in detail. It has recently been demonstrated that enhanced

susceptibility of reoxygenated myocardial cells to osmotic injury can be reduced by

specific interventions during the early phase of reoxygenation (Schluter et al, 1996).

Effective measures were additions of NO donors in high concentration and of an
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antilipid peroxidant as well as means increasing the cellular glutathione pool. These

results suggest that mechanical fragility of the sarcolemma is at least in part

increased by radical mechanisms during the early period of reoxygenation.

1.7.5 STUNNED MYOCARDIUM AND ISCHAEMIC PRECONDITIONING

The reperfused, reversibly injured myocardium finally develops enduring
stigmata of the recent episode of ischaemia/reperfusion becoming “stunned" and
"preconditioned".

Braunwald

and

Kloner described

stunned

myocardium

as

“prolonged

postischaemic contractile dysfunction of myocardium salvaged by reperfusion"

(Braunwald and Kloner, 1982). The mechanism of stunning involves generation of

oxygen radicals (Bolli et al, 1989) as well as alteration in calcium homeostasis and

possibly alteration in contractile protein structure (McDonough et al, 1999). Stunning

has been observed in several clinical scenarios, including after percutaneous

transluminal coronary angioplasty, unstable angina, stress-induced ischemia, after
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thrombolysis, and after cardiopulmonary bypass. Oxygen radical scavengers (Myers

et al, 1985) and calcium channel blockers (Przyklenk and Kloner, 1991) have been

shown to enhance function of stunned myocardium in experimental studies, and in a

few clinical studies, calcium channel blockers have been shown to ameliorate

stunning (Rinaldi et al, 1998).

Although brief periods of ischemia can contribute to prolonged left ventricular

dysfunction and even heart failure, they paradoxically play a cardioprotective role.
Episodes of ischemia as short as 5 minutes, followed by reperfusion, protect the
heart from a subsequent longer coronary artery occlusion by markedly reducing the
amount of necrosis that results from the test episode of ischemia (Murry et al, 1986).

This phenomenon, called ischaemic preconditioning, has been observed in virtually

every species in which it has been studied and is a powerful cardioprotective effect.

The mechanism of ischaemic preconditioning involves both triggers and mediators as

well as complex second messenger pathways that appear to engage such

components as adenosine and adenosine receptors (takano et al, 2001), the epsilon

isoform of protein kinase C (Ping et al, 1997) and the ATP-dependent potassium
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channels (Auchampach et al, 1992; Yao et al, 1993; Garlid et al, 1996; Downey and
Cohen, 2001; Fryer et al, 2001).

The mechanisms underlying the induction of preconditioning are far from being

understood and require further investigations. That preconditioning may occur in

humans is suggested by the observations that repetitive balloon inflations in the
coronary artery are associated with progressively less chest pain, ST-segment

elevation and lactate production (Yellon et al, 1993; Deutsch et al, 1990). In addition,
the protective effects of preinfarction angina on infarct size (Kloner et al, 1995; Anzai
et al, 1995), the anginal warm-up phenomenon^ and studies performed on human
cardiac biopsies that show metabolic properties suggesting preconditioning (Walker

et al, 1995; Speechly-Dick et al, 1995) strongly indicate a role of preconditioning in

the human setting. Development of pharmacological agents capable of activating

second messenger pathways involved in preconditioning, without causing ischemia,

could result in novel approaches to treating ischemia. Hence, on one hand, brief

^ Another clinical manifestation of ischaemic preconditioning is the so-called warm-up
phenomenon. In this common clinical scenario, patients with angina exercise to the point
of angina, stop, rest, and then are able to continue exertion without further angina,
showing instead a better exercise tolerance and less ST-segment depression compared
to the first test (Okazaki et al, 1993).

episodes of ischaemia have a negative effect on the heart: stunning; and on the other

hand, they exert a protective effect through preconditioning. The future challenge is

how to minimize the stunning phenomenon and maximize the preconditioning

phenomenon in clinical practice.

SECTION 8

1.8.1 APOPTOSIS IN CARDIAC ISCHAEMIA/REPERFUSION INJURY

Necrosis and apoptosis represent the major kinds of cell death by which cardiac

myocytes can die. While the term "necrosis" has always been used to define the acute
pathological situation expressed by ischaemic cell death, apoptosis has only recently

been related to an increasing number of human diseases, most of them regarding both
acute and chronic conditions affecting the cardiovascular system (Yaoita et al, 2000). In

this contest, apoptosis may lead to the development and progression of heart failure

secondary to overload of volume (Chen et al, 1995), and pressure (Teiger et al, 1996).

Moreover, loss of cardiac myocytes due to apoptosis has been seen in idiopathic dilated

cardiomyopathy (Narula et al, 1996); arrythmogenic right ventricular dysplasia (Mallat et

al, 1996); and atherosclerosis (Isner et al, 1995). Furthermore, apoptosis secondary to

immune mechanisms might be important in myocarditis and cardiac allograft rejection

(Szabolcs et al, 1996). As regard to ischaemia/reperfusion injury, apoptosis seems to
contribute independently
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of necrosis to the cardiac cell loss ischaemia/reperfusion injury. The apoptotic

process has been seen to affect cardiac myocytes of ischaemic-reperfused hearts,

occurring primarily during reperfusion. However, although there is no doubt that

apoptosis takes part to ischaemia-reperfusion injury, the temporal distribution of

apoptotic cell death in the two distinct phases of the process is unclear to date. In

other words it still remains to be clarified, not only the relative contribution of

ischaemia alone in triggering apoptosis, but also the role played by reperfusion injury
either in inducing apoptosis by itself and/or in completing the apoptotic process
already commenced during ischaemia.

Gottlieb, who first evaluated the occurrence of apoptosis in an animal model

of myocardial ischaemia/reperfusion injury, detected myocyte apoptosis in ischaemic-

reperfused rabbit myocardial tissue (30 mins of ischaemia followed by 4 hours of

reperfusion), but not in normal or ischaemic only rabbit hearts (Gottlieb et al, 1994).
I
Therefore, myocyte

apoptosis was regarded as being a specific feature of the

reperfusion phase. On the other hand, Fliss and Gattinger showed apoptosis in rat

hearts after 2.25 hours of reperfusion. However, in ischaemic-reperfused rat hearts

yi
(45 minutes of ischaemia followed by 60 minutes of reperfusion), reperfusion

anticipated the occurrence of apoptosis and reduced the number of cells undergoing

apoptosis (Fliss and Gattinger, 1996). Freude, in dog hearts exposed to global

ischaemia for 90 minutes, reported apoptosis after only six hours of reperfusion

amongst a percentage of necrotic cells higher than 90% (Freude et al, 1996). In

isolated

rat hearts

subjected to

zero flow

ischaemia for various durations

(Chakrasbarti et al, 1997), apoptosis was first observed after 10 minutes of

ischaemia and reached a maximum level after 30 minutes. Taken together, these
results cannot be regarded as being definitive in clarifying whether (i) ischaemia alone
can induce apoptosis, or if (ii) reperfusion is needed for apoptosis to be completed,
or (iii) reperfusion, with the connotation of reperfusion injury, can trigger apoptosis on

its own.

1.8.2 CONSISTENCY OF CONTRADICTIONS

The apparent contradictions of the results presented in the literature may be

due to several reasons. First of all, the above examples refer to works carried out on
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rabbits, rats and dogs, and it may not reasonably be justifiable to assume that events

follow the same course in different species. Furthermore, the accurate description of

the incidence of a phenomenon depends on the completion time of the event that is

object of study. Knowing the duration of the event, it is possible to establish

adequately the numbers of time points to run within the period of observation.

Apoptotic changes, including chromatin condensation, DNA cleavage, membrane
blebbing, cell shrinkage and formation of apoptotic bodies, followed by their

engulfment into neighbouring cells, occur in a predictable sequence of unknown
duration. The accurate description of the incidence of a phenomenon, in our case

apoptosis, depends on the completion time of the process. Knowing the duration of
the process, it is possible to establish an adequate number of time points to run

within the period of observation. So, if the duration of the process is shorter than the

length of time between two time points, the process is missed and, as a

consequence, underestimated.

Likewise, underestimation can also occur if the time required for completing

the apoptotic sequence is much longer. Apoptosis affecting cardiac myocytes

exposed

ischaemia-reperfusion injury might require more time than in other

experimental settings. In fact, the lack of ATP induced by ischaemia, according to its

grade of severity, seems to be pivotal in establishing the type of cell death, which

injured cells are fated to undergo (Leist et al, 1997). In this regard, necrosis would

take place when energy stocks are near exhaustion; conversely a less severe

depletion in ATP would be sufficient to start the apoptotic machinery but not to

conclude

the

process,

whose

culmination

would

be

permitted

only

after

reoxygenation of ischaemic myocytes (Bradbury et al, 2000). Supporting this
observation was the finding that caspase-9 activation elicited by mitochondrial
damage cannot take place in the absence of ATP (Li et al, 1997). Suzuki has recently

suggested that in primary cultures of adult rat cardiomyocytes exposed to H^Og, the

entire apoptotic sequence, from stimulation to DNA fragmentation, needs 14 hours to

be finalized (Suzuki et al, 1999). If this evaluation has also value for the in vivo and ex

vivo setting, another possible cause of underestimation of apoptotic cell death in

tissue sections appears to be the inaccurate quantification of positive cells with the

current assays at our disposal.
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The most commonly used technique to detect apoptosis in tissue sections is

the TUNEL technique, an enzymatic reaction that labels the free 3' hydroxy ends of

fragmented DNA. Since DNA fragmentation is a relatively late event in the apoptotic

process, this does not exclude the possibility that some cardiac myocytes from

ischaemic/reperfused hearts have already initiated the apoptotic programme, though

remain undetectable by TUNEL assay. In this case, by applying the TUNEL method

alone, or together with other techniques suitable for detecting DNA cleavage, e.g. gel

electrophoresis, it is likely to underrate the incidence of cardiac apoptosis and to
misread the time course of the process in the acute situation.

To this end, the data supplied by TUNEL ought to be optimised and integrated

with

the

employment

of

additional

techniques

that

enable

molecular

and

morphological identification of changes occurring during apoptosis earlier than DNA

fragmentation. With respect to apoptotic molecular hallmarks, caspase activation is

one mechanism consistently implicated in the execution of the process, despite the

diversity of signals that can induce apoptotic cell death.
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Caspase activation seems to be ideal for many reasons:

It starts early in apoptosis

It is one mechanism consistently and specifically implicated in the

execution of the process
It can be evaluated by different valuable techniques including Western

blotting, immunocytochemistry and functional activity assays, based on
detection of cleaved caspase substrates.

On the other hand, the early morphological features of apoptotic cell death

can be effectively visualised by electron microscopy.
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SECTION 9

9.1 PLAN OF INVESTIGATION

This study focuses on the occurrence of apoptotic cell death in different cell
types during ischaemia/reperfusion injury, the initiating pathways leading to activation

of the apoptotic process as well as the clinical potential of new cardioprotective
agents

such

as

urocortin,

both

endogenously

produced

and

endogenously

administered, and minocycline.

Primary cultures of rat neonatal and adult cardiac myocytes, the isolated rat

heart, as well as human cardiac specimens from patients undergoing cardiac surgery

were used as experimental models.

In some experiments, carried out in the isolated Langendorff perfused rat

heart, we attempted to describe the occurrence of apoptosis in specific cell types

yy
during ischaemia-reperfusion injury, including the very early stages of reperfusion

(See Chapter 3).

In an other set of experiments, specific inhibitors of caspase-8 and caspase-9

were infused to the isolated rat heart in order to estimate the relative contribution of

the two main apoptotic initiating pathways in inducing apoptosis both in endothelial
cells and cardiac myocytes, in the two phases of ischaemia reperfusion (See Chapter

4).

Our investigation regarding the role of new cardioprotective agents has been
focused on two molecules: minocycline and urocortin.

Minocycline is a second-generation tetracycline with proven safety that is used

in humans for the treatment of acne and urethritis as well as of severe chronic

inflammatory diseases. The role of minocycline was tested not only in vitro, in primary

cultures

of

both

neonatal

and

adult

cardiac

myocytes,

exposed

to
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hypoxia/reoxygenation, but also in the rat heart receiving either ex vivo or in vivo

treatment with minocycline (See chapter 5).

Urocortin is a 40 amino acid member of the Corticotropin Releasing Hormone

family, highly expressed in the cardiovascular system, which was previously shown by our

and other groups to be cardioprotective both in vitro, ex vivo and in vivo (Brar, Stephanou

et al, 1999; Bar et al, 1999). We first evaluated the haemodynamic, bioenergetic and
cytoprotective effects of exogenous urocortin administered to the isolated rat heart
during ischaemia/reperfusion injury (See Chapter 6).

Finally, the ability of endogenous urocortin to promote cell survival was

investigated in patients undergoing on-pump cardiopulmonary bypass, during which

the cardioplegic arrest and subsequent reperfusion inevitably expose the human heart

to an iatrogenic ischaemia/reperfusion injury (See Chapter 7).
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Figure 1.1 - Copy of the original text in chapter 35 (376-378) of MOXAIKON, a book
attributed to Hippocrates that deals with the instruments for the reduction of fractures and
dislocations, according to the transcription of Kuehlewein (1902). The word corresponding to
apoptosis-in the plural case-is boxed. In the translation below, this word is given in italics [*
identifies the end of the translation, line 378 (2)]. [376 (20) In cases of fractured bones] (21)
lines of demarcation form quickly, and the falling off of the bones occurs, where the limits of
the denudation may happen so that the bones are falling off, but more slowly'
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variable lengths. The fragments are separated by agarose gel electrophoresis.
From Apoptosis and cell proliferation, 2"^ Edition; 1998, Boehringer Mannheim GmbH,
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Figure 1.6 - Mechanisms of Caspase-3 and -7 Inhibition by lAPs - The linker region N-terminal
to the BIR2 domain of XIAP is a major structural determinant in binding to the active form of
caspase-3 and -7. This complex may be destabilized by the interaction of Smac/DIABLO with
BIR2 due to a conformation change. Release of lAP complexed with Smac/DIABLO would
relieve the inhibition on the caspase and the active caspase is then free to induce cell death.
From Goya! L. Cell death inhibition: keeping caspases in check. Cell. 2001;104:805-808
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Figure 1.7 - Mechanisms of Caspase-9 Inhibition by lAPs - Caspase-9 inhibition by the BIR3
domain of XIAP requires the initial processing of the pro enzyme to expose the lAP binding
motif at the N terminus of the small subunit. Once exposed BIR3 can bind to the lAP binding
motif of caspase-9 and hinder the entry of substrate to the active site of the enzyme.
Smac/DIABLO competes with cleaved caspase-9 for binding to BIR3 and the binding partner
then determines if the cell undergoes apoptosis.
From Goya! L. Cell death inhibition: keeping caspases in check. Cell. 2001;104:805-808
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In Situ Nick Translation (ISN'T)

In Situ End Labeling (TUNEL)

(tem plate dependent)

(template independent)

nick
3'

3'

5i$3s:.ü^|
1! ! ; : 1
5'
+ DNA polymerase
+ X-dNTP (■)

+ Terminal transferase
+ X-dNTP (■)

n
5'

Figure 1.8 - Schematic illustration of two enzymatic DNA labelling methods; Nick translation
and end labelling.

From Apoptosis and cell proliferation, Z" Edition; 1998, Boehringer Mannheim GmbH,
Biochemica, Germany.

107

Ok*ct

procedure using
FluarucelR-ittnT

Indirect (eWImg procedure using
OiC-dUTP and Bntt-016-fluorescein

I

E

10)

10'

10Î

10’

FUiCfescence intensity
B non ap30!ot>c cells

10»

10>

FlwoTOscence intensity

□ apoptotic cells

Figure 1.9 - Comparison of direct and indirect labeling of DNA strand breaks in apoptotic
cells. PBL were incubated with 1 pM dexamethasone for 24 h at 37°C and then labelled by
TUNEL. Recordings were made at the same photomultiplier settings. Result: Direct labelling
is as sensitive as indirect labelling, but produces less non-specific background.
From Apoptosis and cell proliferation, Z ' Edition; 1998, Boehringer Mannheim GmbH,
Biochemica, Germany.
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Figure 1.10 - Detection of surface morphology changes during apoptosis. During apoptosis,
the distribution of neutral phospholipids (black symbols) and anionic phospholipids such as
phosphatidylserine (red symbols) in the cell membrane changes. Phosphatidylserine is
present in the outer membrane of apoptotic cells, but not of normal cells. An exogenously
added molecule specific for phosphatidylserine will bind to phosphatidylserine on the outer
membrane of apoptotic cells, but cannot react with the phosphatidylserine of normal cells.

From Apoptosis and cell proliferation, Z" Edition; 1998, Boehringer Mannheim GmbH,
Biochemica, Germany.
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Deregulation of the Apoptosis/Mitosis Balance

Excessive apoptosis

Atrophy and Organ failure

Defective apoptosis

Persistance of undesirable cells

\7

Viral hepatitis
Degenerative disorders of CNS

•Cancer
•Immunological diseases
•Congenital malformations

Table.1.1 - The alteration of the “push-pull” relationship between apoptosis and mitosis can
represent a potential pathogenetic mechanism leading to the development of several
diseases.
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DNA-binding dyes
(Fluorochromes)

Dye stains

Dye enters
Viable cells

Non viable cells

Nucleus (DNA)

Cytoplasm (RNA)

Acridine orange

Yes

Yes

Green

Red-orange

Hoechst 3 3 3 42

Yes

Yes

Blue

No

Hoechst 3 3 2 58

No

Yes

Blue

No

DAP!

No

Yes

Bright blue

No

Ethidium bromide

No

Yes

Orange

Slightly red

Propldium iodide

No

Yes

Red

No

|

Table 1.2 - Common fluorochromes used to stain the genomic DNA of viable and/or nonviable cells.
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MATERIALS AND METHODS

This chapter describes the animal model, the animal treatments, the

immunocytochemical procedures and the statistical analysis constituting the basic

techniques of my investigation. These techniques, being common to each group of

experiments presented in the different sections of this work, are described here.
Conversely, other techniques, only applied where appropriate, as well as other

methodological procedures kindly performed by co-workers as part of collaborative
projects, will be described in specific sections of the relevant chapters.

SECTION 1

2.1.1 ANIMAL MODEL

All the experiments carried out with animals were performed following the

guidelines for the use of laboratory animals in accordance with the European

Guidelines 86/609/CEE.
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Some of the experiments on the isolated Langendorff perfused rat heart were

kindly performed by Dr. Evasio Pasini as part of a collaborative study with the

Cardiovascular Pathophysiology Research Centre, S. Maugeri Foundation IRCCS, Italy.

Male Sprague-Dawley rats weighing 250-300g (Charles River, Calco, Italy)

were fed with a standard diet and submitted to the experimental protocols, as
detailed hereinafter.

2.1,2 PERFUSION OF THE ISOLATED RAT HEARTS

Rats were anesthetized by sodium pentobarbital (6 mg kg-1 administered

intraperitoneally) and sacrificed by decapitation. The hearts were removed, immersed

in an ice-cold modified Krebs-Hensleit buffer solution and subsequently perfused by

the non-recirculating Langendorff technique at a constant flow of 11 ml/min. The

heart rate was continuously maintained at 300 bpm by electrical pacing and the left

ventricular wall was kept at the steady temperature of 37°C.
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2.1.3 GLOBAL ISCHAEMIA

After a period of stabilization of at least 30 minutes, in some experiments the

isolated hearts were continuously perfused for 60 mins, exposed to zero flow

ischaemia for 35 minutes, and finally reperfused for a length of time oscillating

between 5 and 120 minutes, according to the experimental protocol.

2.1.4 REGIONAL ISCHAEMIA

In other experiments, after stabilization, the left coronary artery of the isolated

rat hearts was surgically occluded using suture ligation. The length of the ischaemic

phase was typically ranging from 30 up to 35 minutes, in agreement with the

treatment protocol.

At the end of the ischaemic phase, the hearts were reperfused by release of

the suture tie, which was left loose on the surface of the heart. The reperfusion phase
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was prolonged from 5 up to 120 minutes. Severe arrhythmias, evoked by restoration

of the coronary flow, were successfully prevented by flushing the hearts with cold

Krebs-Hensleit solution immediately after release of the tie.

In all cases direct touching of the heart was avoided. Immediately after

retightening of the suture at the end of the reperfusion period, 0.5 ml of 0.25% Evans
Blue solution was slowly infused in order to delineate the ischaemic area at risk within

the left ventricular wall, the non-perfused parts of the hearts being unstained.

2.1.6 LEFT VENTRICULAR PRESSURE

To obtain an isovolumetrically beating preparation, in all cases a latex balloon

filled with saline, connected by a catheter to a Statham transducer (P 23 XL), was

inserted into the left ventricle through an atriotomy and secured by a suture around

the atrioventricular groove. The balloon was inflated to provide an end-diastolic

pressure <1.0 mm Hg.
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SECTION 2

2.2.1 PREPARATION AND PRE-TREATMENT OF TISSUE SECTIONS

Hearts were removed from the perfusion apparatus and cross-sectioned from

the apex to the atrioventricular groove into four 2.5 mm thick slices. The sections

were placed in 4% formaldehyde in TBS and stored at 4°C for a maximum of 48
hours. Once dehydrated the tissues were embedded in molten paraffin, placed in
metallic blocks, covered with plastic moulds and kept under freezing plates to solidify
the paraffin. All samples were placed in the same orientation to ensure that

comparable sections were cut.

Serial 4 pm myocardial sections were cut using a microtome (Life Sciences

International; Basingstoke, Hampshire UK) and mounted on siliconized slides.

Sections were dewaxed by incubation for 1 hour at 60°C, followed by deparaffination

by immersion in xylene for 5 min, and were sequentially rehydrated by soaking
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through 100% ethanol for 1 min; 100% ethanol for 1 min, 70% ethanol for 1 min and

distilled water for 1 min. The pre-treatment was completed by incubating the sections

at 37° for 30 min in TBS containing 1 mg/ml trypsin and 1 mg/ml CaCI2 followed by

washing 3 times in TBS.

2.2.2 TUNEL STAINING

TUNEL staining was performed using a commercial kit (Boehringer Mannheim;
Lewes, Sussex UK) with the following changes to the recommended protocol. Once

the area of slide around the section was dry, 50 pi of TUNEL mixture, containing TdT
and dUTP in reaction buffer were pipetted onto each section.

In our experience the use of coverslips to ensure a homogeneous spread of

TUNEL mixture across sections is not strictly required. The slides were incubated in a

humidified chamber for 60 min at 37°C in the dark. Finally, slides were rinsed 3 times

in TBS.

118

Positive controls were generated by incubating samples from control hearts at

room temperature for 10 min with 100 pi of a 1 mg/ml solution of DNase I in PBS, in

order to induce strand breaks. Sections were then washed 3 times in PBS. Negative

controls were created by incubating sections with TUNEL mixture lacking TdT.

2.2.3

SPECIFIC LABELLING OF ENDOTHELIAL CELLS AND CARDIAC

MYOCYTES

The occurrence of apoptosis in different cell types was made possible by
employment of a multiple step immunocytochemical procedure! (Scarabelli et al, 1999),

Following TUNEL staining, serial 4 pm myocardial sections were labelled with

either anti-desmin (Insight Biotechnology; Wembley, Middlesex UK) or anti-von

Willebrand factor (Boehringer Mannheim Biochemica, Lewes, Sussex UK) antibodies,

in order to selectively identify cardiac myocytes and endothelial cells respectively.

Each slide was covered with an excess of primary antibody (approximately 70-100 pi
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per slide), incubated at room temperature in a humidified chamber for 60 mins and

washed with 3 changes of TBS.

After incubation for 45 mins with specific secondary antibodies and following

washing, the slides were counterstained with PI, mounted under glass coverslips,

using antifade mounting medium (Biorad; Hercules, California), and finally examined

by confocal fluorescent microscopy (Bio-Rad Laser Sharp MRC-1024; Hemel
Hempstead UK).

Data are expressed as the means of 12-15 high power fields -i-/-SD.
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SECTION 3

2.3.1 STATISTICS

Data are expressed as means ± S.D. Single-factor one-way analysis of

variance (ANOVA) was performed for each group of treatments and significance was

assumed when p<0.05.

Difference among means were compared within the treatment groups using

Student's t test and significance was assumed when p<0.05. The experiments were

repeated at least three times.

In specific regard to the hemodynamic assessment, analysis of covariance

(ANCOVA), with time as the covariate and post-hoc analyses were used to test the

principal component with contrast. The Bonferroni correction was then applied and P

values < 0.05 were considered significant.
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RESULTS

APOPTOSIS OF ENDOTHELIAL CELLS PRECEDES MYOCYTE CELL
APOPTOSIS IN ISCHEMIA/REPERFUSION INJURY

SECTION 1

3.1 INTRODUCTION

As previously described, apoptosis is a distinct form of cell death, which is

mediated by activation of the caspase cascade, resulting in cleavage of protein

substrates and oligonucleosomal fragmentation of DNA.

In cardiac ischaemia/reperfusion injury, apoptosis has become increasingly
recognised as one mechanism of cell death (Yaoita et al, 2000), although the relative
contribution of necrosis and apoptosis to total cardiac cell loss remains controversial.
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In this first set of experiments, we tried to describe not only the relative

contribution of ischaemia alone in triggering apoptosis, but also the role played by

reperfusion injury either in inducing apoptosis by itself and/or in completing the

apoptotic process already commenced during ischaemia.

To this end, we introduced two aspects of novelty not considered in previous
studies. First of all, we tried to distinguish the occurrence of apoptosis in the different

cell types forming the heart, above all in endothelial cells, which in the heart are as
numerous as cardiac myocytes. Second of all, we evaluated the occurrence of
apoptosis during reperfusion at different short time points, including the very early
stages of reperfusion, to prevent any underrating of apoptosis whose completion

time is currently unknown.

In tissue sections, the most commonly used technique to detect apoptosis is

TUNEL (terminal deoxynucleotidyl transferase mediated nick end labelling) staining

(see chapther 2.2.2), an enzymatic reaction which labels the ends of the DNA

fragments characteristic of the apoptotic process.
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Although the specificity of terminal deoxynucleotidyl transferase-mediated
deoxyuridinetriphosphate

nick

end

labelling

(TUNEL) for

detecting

the

DNA

fragmentation characteristic of apoptotic cells has been questioned (Takemura et al,
1998; Ohno et al, 1998; Kanoh et al, 1999), TUNEL positive cells are neither seen in
normal hearts nor in the unstained necrotic areas produced by prolonged ischaemia
(Zhao et al, 2000). The ability of TUNEL to detect apoptosis specifically is further
validated by molecular probes capable of recognizing different aspects of DNA
fragmentation (Buia et al, 1998), and which clearly differentiate apoptosis from
necrosis.

In addition, without the employment of additional staining, TUNEL is only a
qualitative procedure that gives no direct information about the proportion of negative

cells and the cell type undergoing apoptosis.

To this end, TUNEL staining was combined both with propidium iodide and

with either anti-von Willebrand or anti-desmin antibodies. Propidium iodide was used

as a counterstain in order to visualise TUNEL negative nuclei. Anti-von Willebrand and

anti-desmin antibodies were utilised in order to label specifically endothelial cells and
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cardiac myocytes respectively and therefore to address apoptosis in different cell

types. As far as we are aware, this is the first time that such an approach is used in

the heart for the specific identification of different cell types.

Internucleosomal DNA fragmentation is a typical hallmark of apoptosis.

However, since DNA fragmentation is a relatively late event in the apoptotic process,

this does not exclude the possibility that some cardiac myocytes, despite their

TUNEL negativity, have initiated the apoptotic programme.

For this reason, in our study, TUNEL was integrated with the employment of
additional techniques that enable identification of morphological and biochemical

apoptotic markers whose positivity starts earlier than DNA fragmentation.

As previously described, apoptotic stimuli, including ischaemia/reperfusion
injury, activate the caspase cascade, and the final cleaved forms of effector
caspases, such as caspase-3, then cleave substrates important in the maintenance of
cellular integrity. Therefore, an additional method for assessing apoptosis is to
measure the appearance of active forms of caspases such as caspase-3, which is

127

the main effector caspase. Colocalisation of cleaved caspase-3 with TUNEL positive
cells has previously been used to identify apoptotic cells in the ischaemic heart (Black
etal, 1998).

On the other hand, the early morphological features of apoptotic cell death

can be effectively visualised by electron microscopy.
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SECTION 2

MATERIALS AND METHODS

3.2.1 ANIMAL MODEL

Hearts from anaesthetised adult male Sprague-Dawley rats were mounted in a
Langendorff perfusion apparatus and ischaemia/reperfusion performed as described

previously (Chapter 2).

Isolated hearts were divided into 5 groups (6 hearts per group). Control hearts

were continuously perfused. The second group was exposed to 35 mins of regional

ischemia alone, achieved by occlusion of the left coronary artery. Following 35 mins

ischemia, the remaining groups were reperfused for 5, 60 and 120 mins

respectively. At the end of each experiment, 0.5 ml of Evans Blue solution was slowly

infused to delineate the area at risk within the left ventricular wall.

12^

3.2.2 PREPARATION AND STAINING OF SECTIONS

Serial 5 jim sections were cut from paraffin blocks, and after dewaxing and

heat-mediated antigen retrieval, were stained with TUNEL reagents, propidium iodide

and anti-desmin antibody as previously described (Chapter 2).

Two additional staining reactions were employed. In the first, sections stained
with TUNEL reagents were incubated with mouse anti-von Willebrand factor antibody
(Boehringer Mannheim Biochemical to selectively identify endothelial cells, and

counterstained with rhodamine-conjugated anti-mouse secondary antibody (DAKO).

After washing, the slides were covered in a drop of antifade, mounted under glass

coverslips and examined by fluorescent confocal microscopy.

In the second reaction, TUNEL-stained sections were incubated with an

antibody that specifically recognises the active form of Caspase 3 (Santa Cruz

Biotechnology Inc.). After washing, slides were counterstained with rhodamine-

13U

conjugated anti-rabbit antibody (DAKO), washed, mounted and examined by confocal

fluorescent microscopy.

Data are expressed as the means of 12-15 high power fields 4-/-SD.

3.2.3 WESTERN BLOTTING

This set of experiments was kindly performed by Dr. Anastasis Stephanou,
Institute of Child Heath, University College London.

Western blot analysis was carried out on cardiac ventricular tissue from each

randomized group. Ventricular specimens were washed in sterile phosphate buffered

saline (PBS) and harvested in IX RIPA (50mM, Iris , pH8, 150mM NaCI, 0.5% DOC,

0.1% SDS, 1% NP40) containing protease inhibitors.

Protein concentration was determined using a Bradford assay and equal

amounts

(20|iig)

diluted

in gel

loading

buffer.

Proteins were

separated

in
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polyacrylamide gels of either 10% or 12% and transferred onto Hybond C

membranes (Amersham Pharmacia, UK). The membranes were blocked for 1 hour in

5% non-fat milk (Marvel) in Ix 1ST (lOmM Tris, 150 mM NaCI, Tween 0.05%).

Blocked membranes were then incubated overnight at 4°C with primary antibody

recognising the cleaved active form of caspase-3 (Santa Cruz Biotechnology Inc.).

After application of the appropriate secondary antibody, membranes were

washed

in TST and

subjected to

enhanced

chemi-luminescence (Amersham

Pharmacia International, UK) and visualized using autoradiography.

3.2.4 ELECTRON MICROSCOPY

Electron microscopy evaluation was performed in collaboration with Giorgio

Landon and Peter Rowley, Department of Histology, University College London.

Tissue samples from each treated group were cut into 1 mm cubes and fixed

for 4 hours at 4°C in 2.5% glutaraldehyde in 0.1 mol/L phosphate buffer.
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After postfixation in 1% buffered osmium tetroxide, the specimens were

dehydrated through graded ethanols, and embedded in epoxy resin.

Ultrathin sections (80 nm) were then cut with a diamond knife, collected on

300-mesh copper or nickel grids, and doublestained with uranyl acetate and lead

citrate before examination.

Finally the sections were viewed and photographed in a Philips CM 10 electron
microscope. The semiquantitative evaluation of the specimens was performed by the
above-mentioned investigators in a blinded manner.

3.2.5 STATISTICS

Significance was evaluated using Student's t test: p values <0.05 were

considered significant.
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SECTION 3

RESULTS

3.3 ENDOTHELIAL CELL AND MYOCYTE APOPTOSIS

3.3.1 IMMUNOCYTOCHEMISTRY

No apoptosis was detected in any cell type after 35 mins of ischaemia alone
(Fig.S.la). Rings of fluorescent TUNEL positive cells, representing sections of small

coronary vessels, were seen after 35 mins of ischaemia followed by 5 mins of

reperfusion (Fig.3.1b/c). The endothelial origin of these vascular cells was confirmed

by colocalisation of TUNEL positivity with cells staining with the anti-von Willebrand

factor antibody (Fig.3 .Id). At this time, a few positive vessels exhibited a small

perivascular cuff of TUNEL positive myocytes (Fig 3 .le).
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With 60 mins of reperfusion, significantly more endothelial cells, including

those in larger vessels, had become TUNEL positive (Fig.S.lf; p<0.02) and the

perivascular ring of TUNEL and desmin positive myocytes expanded further from the

vessels, although their proportion had not significantly increased (Fig.S.lg; p>0.08).

The range and mean diameter of TUNEL positive vessels with increasing reperfusion

times is shown in Fig.3.2a

Superimposition of a radial grid revealed that the number of TUNEL positive

myocytes progressively decreased with distance from the vessel after both 5 and 60
mins of reperfusion (Fig.3.2b).

The proportion of apoptotic myocytes was increased after 2 hours of

reperfusion (p<0.05 compared with 5 and 60 mins of reperfusion), although the

proportion of TUNEL positive endothelial cells had decreased (Fig.3.1f). At this time,

TUNEL positive myocytes tended to lose their perivascular localization and assumed

a more homogenous distribution within the ischaemic-reperfused area (Fig. 3.2b).
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3.3.2 COLOCALISATION OF TUNEL AND CLEAVED CASPASE-3

No cleaved caspase-3 expression was seen in control hearts, although a few

positive cells appeared after ischaemia alone (Fig.3.If). Highest expression of

cleaved caspase-3 in hearts exposed to ischaemia alone was observed in vascular

cells, which was significantly (p<0.03) greater than in cardiac myocytes. In the same
sections, no cells positive for TUNEL were detected (Fig.3.1f). However, following 5,
60 and 120 mins of reperfusion, TUNEL positive cells were colocalised with cells
staining with the cleaved caspase-3 antibody (Fig.3.2c). The number of EC positive
for cleaved caspase-3 peaked at 60 mins reperfusion, whereas the number of

positive CM was still increasing (Fig 3.If). Similarly, caspase-3 cleavage was

observed by Western Blotting in protein extracts from hearts exposed to ischaemia

alone as well as ischaemia/reperfusion (Fig.3.2d). Western blot analysis also

confirmed the specificity of the anti-caspase-3 antibody, which detected cleaved

fragments of active caspase-3 (p20 subunits), though not the precursor form (32

kDa).
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3.3.3 DNA LADDERING

Cells exposed to 60 and 120 mins of reperfusion, though not those exposed
to ischemia alone or to 5 mins reperfusion, showed classical DNA laddering (Fig.
3.2e).

3.3.4 ELECTRON MICROSCOPY

In hearts exposed to ischaemia and ischaemia/reperfusion no morphological

features suggestive of necrotic cell death were seen. Typical features of apoptosis,
such as diffuse nuclear chromatin condensation and margination, were not seen in

endothelial cells or myocytes after ischaemia alone j(Fig.3.2f), but became apparent

in endothelial

cells after

characteristic

apoptotic

5 mins

reperfusion

morphology were

i(Fig.3.2g). Myocytes with the

observed

endothelial cells after 60 mins reperfusion (Fig.3.3a/b/c).

together

with

apoptotic
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SECTION 4

3.4.1 DISCUSSION

This study shows that apoptosis following ischaemia/reperfusion proceeds in

a cell and time dependent manner.

Ischaemia alone is not sufficient to complete apoptotic death of myocyte and
non-myocyte cells assessed by TUNEL and electron microscopy in the isolated

perfused rat heart.

After five to 60 minutes of reperfusion, endothelial cells within initially small,

but later, larger coronary vessels become TUNEL positive, associated with a

perivascular cuff of TUNEL positive myocytes of progressively increasing radius from

the vessel with time.
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By 2 hours of reperfusion the proportion of TUNEL positive endothelial cells

had decreased, presumably reflecting their clearance or secondary necrosis, and the

distribution of the positive myocytes had become more homogenous.

Although no TUNEL positive cells were seen after ischaemia alone, some cells,

again in the coronary vessels, were stained with an antibody that recognises the

cleaved form of caspase-3. This suggests that ischaemia without reperfusion can

initiate the molecular pathway of apoptosis, although reperfusion is required to
complete the DNA fragmentation and morphological changes characteristic of an end
stage apoptotic cell. The colocalisation of cleaved caspase-3 with TUNEL positivity
after reperfusion would support this interpretation. This requirement for reperfusion in

completing the apoptotic program is in accordance with several previous studies

(Gottlieb et al, 1994; Fliss et al, 1996).

The demonstration that endothelial cell apoptosis precedes that of myocytes

has two important implications. Firstly, endothelial cell DNA fragmentation following

short periods of reperfusion may follow the release into the restored circulation of a
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vasoactive mediator(s) generated during ischaemia which is necessary for completion

of the apoptotic process. Secondly, the radial distribution of apoptotic myocytes

seen 5 and 60 minutes after reperfusion may reflect the diffusion into the

myocardium of soluble apoptogenic mediators either released from damaged

endothelial cells and/or carried by the blood circulation.

Several candidate mediators for the paracrine apoptosis of myocytes may be
postulated, including those that ligate a death receptor, such as tumor necrosis factor a
(TNFo) and FasL and those that damage mitochondria, such as free radicals. The
potential

involvement

of

soluble

factors

in

cardiac

cell

apoptosis

following

ischaemia/reperfusion injury suggests that strategies based on their scavenging or
inhibition may both allow endothelial cell rescue and protect the myocardium.
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Figure 3.1a - Control heart exhibiting no yellow TUNEL positive cells, orange
nuclei stained by propidium iodide (PI). Original magnification: x400.
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Figure 3.1b - Heart exposed to ischaemia/reperfusion (5 mins): TUNEL positive
endothelial cells appear yellow while non-apoptotic nuclei stained by PI remain
red/orange. Original magnification: x200.
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Figure 3.1c - Heart exposed to ischaemia/reperfusion (5 mins): TUNEL positive
endothelial cells appear yellow while non-apoptotic nuclei stained by PI remain
red/orange. Original magnification: x650.
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Figure 3.1 d - Longitudinal section of a vessel showing endothelial colocalisation of
TUNEL (yellow) and anti-von Willebrand factor (red/orange) (60 mins reperfusion).
Original magnification: x650.
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Figure 3.1 e - Ischemic-reperfused heart (5 mins): TUNEL positive cardiac
myocytes (yellow) surrounding TUNEL positive vessel (yellow), all negative nuclei
stained red by propidium iodide. Original magnification: x650.
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Figure 3.1 f - Percentage of TUNEL staining and activated caspase-3 expression
in endothelial cells and cardiac myocytes at different time points.
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Figura 3.1g - Heart subjected to ischæmia followed by 60 mine reperfusion:
TUNEL positive vessel (yellow) with cuff of TUNEL positive cardiac myocytes
(yellow), whose numt>er decreases with increasing distance from the lumen.
Negative nuclei are stained red by propidium iodide. Original magnification: x200.
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Figure 3.2a - Range of (vertical line) and mean (horizontal bar) diameter of TUNEL
positive vessels with increasing reperfusion times.

148

R#du* from VMM* <mk*on)

100

20

I
8

200
+

300

400
4-

500

+

15

i l l .

— S'rep

60* r e p j^ p w rep

Figure 3.2b - Distribution of TUNEL positive cardiac myocytes with increasing radius
from a vessel.
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Figure 3.2c - Ischemic-reperfused heart: the two central cardiac myocytes show
colocalisation of TUNEL (yellow) and activated caspase-3 staining (bright red), all the
other cardiac myocytes stained only for propidium iodide (orange). Original
magnification: x650.
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Figure 3.2d - W estern blotting of activated caspase-3 protein level in cardiac
tissues from control hearts, which were buffer perfused for 60 minutes, and
hearts exposed to 35 minutes ischaemia and 1 hour reperfusion. Actin was
used as internal control.
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Figure 3.2e - Ethidium bromide stained agarose gels of DNA from control hearts (lane
2), hearts exposed to 35 mins ischemia (lane 3), and hearts exposed to 5, 60 and 120
mins reperfusion (lanes 4-6 respectively). Lane 1 is a molecular weight marker and Lane
7 is DNA from dexamethasone treated thymocytes (positive control).
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Figure 3.2 - f Electron microscopy of endothelial cell from heart exposed to ischaemia
alone and (g) ischaemia/reperfusion (5 mins), the latter showing chromatin condensation
and margination. Original magnification; xIOOOO.
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Figure 3.3 - Cardiac myocyte showing normal ultrastructure (a). Cardiac cell exhibiting nuclear chromatin condensation
and margination, morphological hallmarks of apoptotic cell death (b). Endothelial cell and cardiac myocytes showing
ultrastructural features of apoptosls. The nuclear alterations occurring in the endothelial cell appear to be more
advanced, suggesting that in this cell type the apoptotic process had an earlier start, compared to cardiac myocytes (c).
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SECTION 1

4.1 INTRODUCTION

The apoptotic cascade can be elicited by activation of two main distinct

signaling pathways: the first being death receptor-mediated, the other following

mitochondrial damage (see 1.4).

In the death receptor-initiated pathway, apoptosis is triggered by the

interaction between receptors like TNFRl, FAS, DR-3, DR-4 or DR-5 with their cognate
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ligands. In the FAS-mediated apoptosis, for instance, the binding event leads to

trimerization of the receptor and subsequent interaction between the death domain

(DD) of the cytoplasmic region of the FAS receptor and the DD of the adaptor protein

FADD (FAS-associated death domain). FADD, in its turn, by means of its death

effector domain (DED), interacts with DED of procaspase 8, which results in caspase-

8 activation (Boldin et al, 1996). The assembled FAS-FADD-caspase-8 complex is

referred as to death-inducing signaling complex (DISC). Once activated, caspase-8

cleaves caspase-3 and caspase-7, after which caspase-3 cleaves the additional
downstream caspases-6 and -2.

In the mitochondria-initiated pathway, upon activation via a death signal leading

to mitochondrial dysfunction or damage, cytochrome c is released from the

mitochondrial intermembrane space to the cytoplasm. Once relocated, cytochrome c,

in presence of ATP or dATP, binds to APAF-1 (apoptosis protease-activating factor 1),

forming a multimeric complex called the apoptosome. Upon assembling, this complex

recruits and activates pro-caspase 9 through the interaction between the CARD
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domain of APAF-1 and the CARD domain of procaspase 9 (Li et al, 1997). Active

caspase-9 propagates the caspase cascade cleaving caspase-3 and caspase-7.

These two apoptotic pathways are unilaterally cross-linked by BID (Bcl2-binding

protein), a BH3 only protein, member of the Bcl2 family. When cleaved by caspase-8,

tBID, the truncated form of BID, relocates from the cytoplasm to the mitochondria,

where it induces leakage of cytochrome c and subsequent caspase-8-mediated

caspase-9 activation (Luo et al, 1998).

In our previous studies with primary cultures of neonatal and adult cardiac
myocytes, we showed that ischaemia alone leads mainly to processing of caspase-9

but

not

of

caspase-8;

conversely,

exposure

of

cardiac

myocytes

to

ischaemia/reperfusion resulted in cleavage of both caspase-9 and caspase-8

(Stephanou et al, 2001).

Additionally, in cardiac myocytes exposed to simulated ischaemia alone, the

pretreatment with a specific caspase-9 inhibitor, reduced the number of annexin V

15X

positive cells, whilst the C8 inhibitor was ineffective. In contrast, when cardiac

myocytes were exposed to simulated ischaemia/reperfusion, both inhibitors, added

separately, reduced apoptotic death and the reduction was more consistent when

both inhibitors were added together. (Stephanou et al, 2001)

This study, carried out in the isolated rat heart, attempts to address 3
unsolved issues:

1. The level of activation of

each apoptotic pathway during ischaemia

and during reperfusion

2. The relative contribution of the two apoptotic pathways in inducing

apoptosis both in endothelial cells and cardiac myocytes

3. The role played by BID in the activation of caspase-9.
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SECTION 2

4.2 MATERIALS AND METHODS

4.2.1 ANIMAL MODEL

Animal work was kindly performed by Dr. Evasio Pasini as part of a
collaborative study with the Cardiovascular Pathophysiology Research Centre, S.
Maugeri Foundation IRCCS, Italy.

Male Sprague-Dawley rats weighing 300-350g were anesthetized by sodium

pentobarbital

(6

mg/kg-1

administered

intraperitoneally)

and

sacrificed

by

decapitation. The hearts were removed, immersed in an ice-cold modified Krebs-

Hensleit

buffer

solution

and

subsequently

perfused

by the

non-recirculating

Langendorff technique at a constant flow of 11 ml/m in as previously described

16U
(Chapter 2). The heart rate was continuously maintained at 300 bpm by electrical

pacing and the left ventricular wall was kept at the steady temperature of 37°C.

4.2.2 TREATMENT PROTOCOLS

After a period of stabilization of at least 30 minutes, the isolated hearts were
randomized to 11 groups, each of them of at least 6 animals. Control group was

buffer perfused for 60 mins; 4 ischaemia/reperfusion control groups and as many
treated groups, were exposed to 35 mins of global ischaemia either alone or
followed by 5, 60 and 120 mins of reperfusion respectively. Before the onset of

ischaemia, treated hearts were perfused for 20 mins either with a specific and

irreversible caspase-8 inhibitor (Z-IEDT.fmk) or caspase-9 inhibitor (Z-LEHD.fmk), at

the dose of 0.07

]l iM .

Finally, the other 2 treated groups subjected to 35 mins of

global ischaemia and 120 mins reperfusion, received before I either a pan-caspase

inhibitor (Z-VAD.fmk, 0,1 pIVI; PCI) or a specific and irreversible inhibitor of caspase-3

(Ac-DEVD.cmk, 0.07

|l iM ;

C3). All the caspase inhibitors were purchased from

Calbiochem (Nottingham, UK).
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4.2.3

CASPASE-8 AND -9 ENZYMATIC ACTIVITY MEASUREMENT IN

WHOLE TISSUE EXTRACT AND CYTOSOL FRACTIONS

The evaluation in cardiac tissues of caspase activity was kindly performed by

Dr. Anastasis Stephanou, Institute of Child Health, University College London.

Cardiac activation of Caspase-8 and caspase-9 was evaluated in tissue
extracts using commercial kits purchased from BioVision (Caspase-8/Flice and
Caspase-9/IVIch6 Fluorometric Assay Kit, Biovision; Mountain View, CA, USA). The
following changes were made to the recommended protocol. Cardiac ventricular

tissue from each group was placed in ice-cold lysis buffer and subsequently

homogenized.

The homogenates were centrifuged at 750 x g for 5 mins at 4° C.

Supernatants were then centrifuged at 10000 x g for 15 mins at 4o C. Enzyme

reactions were performed with 300 jug of cytosolic proteins per assay and a final
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concentration of 50 juM of AFC (7-annino4-trjfluoromethyl coumarin)-conjugated lEDT

and LEHD, substrates specific for caspase-8 and -9 respectively. Samples were then

read in a fluorimeter equipped with a 400-nm excitation and a 505-nm emission filter.

Fold-increase in 03 activity was determined by comparing fluorescence of AFC in

control and treated hearts with buffer perfused control.

4.2.4

WESTERN BLOT ANALYSIS FOR WHOLE TISSUE EXTRACT AND

CYTOSOL FRACTIONS.

Cytosolic fractions were generated using the digitonin-based subcellular
fractionation method, essentially described previously (Ekert et al. 2001). Tissues

were digitonin-permeabilized by gently homogenizing with a Bounce homogenizer in

cytosolic extraction buffer (250 mM sucrose, 70 mM KCI, 137 mM NaCI, 4.3 mM

Na2HP04, 1.4 mM KH2P04,| ImM PMSF, 10 pg/ml aprotinin, 20 ing/ml leupeptin,

containing 250 mg/ml digitonin). Lysates were centrifuged at 1,000 x g for 5 min at

4 oC. The supernatants (30 ml cytosolic fractions) or whole tissue lysate (30 ml) were

supplemented with 5 x SDS-PAGE loading buffer, subjected to 12% SDS-PAGE and
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transferred to nitrocellulose membranes. Blots were probed with anti-active caspase

8, anti-active caspase 9, anti-Bid and anti-cytochrome c, followed by horseradish

peroxidase-conjugated secondary antibody and autoradiography with enhanced

chemiluminescence.

4 .2.5

CHARACTERISATION OF ANTI-ACTIVE CASPASE-8 AND - 9

ANTIBODIES

ANTI-ACTIVE CASPASE-8

As shown in Fig.4.5a, the antibody does not detect a signal corresponding to

the

catalytically

inactive

procaspase

8

(c.

p60)

in

either

control

or

ischemia/reperfused samples. However, it does detect a band corresponding to one

of the catalytically active caspase subunits (plO) only in the ischemia/reperfused

sample. This demonstrates that the antibody only recognises a cleaved enzymatically

active caspase-8 fragment. The Figure also demonstrates that procaspase-8

cleavage does not occur in control, but only in ischemia/reperfused tissues.
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ANTI-ACTIVE CASPASE-9

Fig.4.5b shows that the antibody does not detect a band corresponding to the

inactive procaspase-9 (c. p46). It does detect a band (p37) corresponding to the

cleaved enzymatically active enzyme in the ischemia/reperfused sample. This
demonstrates that procaspase-9 cleavage does not occur in control tissues, but only

following ischemia/reperfusion.

4.2 .6 IMMUNOCYTOCHEMICAL STAINING

Serial 5jjn myocardial sections were cut from paraffin blocks, dewaxed, and,

after heat mediated antigen retrieval, stained with antibodies recognizing the cleaved

active form of either caspase-8 or caspase-9 (Biovision).

Other sections were stained with TUNEL, labelled with anti-desmin or anti-von

Willebrand antibodies, in order to selectively identify cardiac myocytes and endothelial
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cells respectively, counterstained with propidium iodide and finally analyzed by

confocal fluorescent microscopy.

Data are expressed as the means of 12-15 high power fields ± s.e. mean.

4.2.7 STATISTICS

Significance was evaluated using the ANOVA test: p values <0.05 were
considered significant. Differences amongst means were compared within treatment

groups using Student’s t test.
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SECTION 3

RESULTS

4.3.1 FUNCTIONAL ASSESSMENT OF CASPASE ACTIVITY

In agreement with our earlier results in cultured myocytes (Stephanou et al,
2001), enzymatic assay shows that caspase-9 activation starts during ischaemia and
increases during reperfusion. In contrast, caspase-8 is functionally active only in
hearts exposed to ischaemia/reperfusion (Fig.4.1a).

4.3.2 IMMUNOCYTOCHEMISTRY

By immunocytochemistry, in hearts receiving ischaemia alone, the expression

of cleaved caspase-9, as detected by a specific antibody, is significantly increased in
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cardiac myocytes and even more in endothelial cells (4.7±0.65% and 6.8±0.54%

respectively: p<0.01 vs controls) (Fig.4.1b).

In the same hearts, consistent with the level of caspase enzymatic activity

assessed in cardiac tissues, cleavage of caspase-8 is not observed in any cell types

exposed to ischaemia alone. The proportion of endothelial cells showing positive
labelling for activated caspase-9 dramatically rises in ischaemic/reperfused hearts,

peaking after 1 hour reperfusion (35.9±3.1%: p<0.001 vs control). In contrast,
cleavage of caspase-9 in cardiac myocytes remains stable after 5 and 60 mins
reperfusion and halves at the end of 120 mins reperfusion.

Finally, in the hearts exposed to ischaemia/reperfusion, cleavage of caspase-8

is not observed in endothelial cells; conversely, the magnitude of cardiac myocytes

exhibiting positive labelling for the cleaved active form of caspase-8 progressively

increments throughout the reperfusion phase, reaching its maximum value after 120

mins reperfusion (8.9±1.6%: p<0.001 vs control).

16%

Hence, the caspase-9 initiating pathway is the only active in endothelial cells

during ischaemia/reperfusion injury, whereas both the caspase-9- (predominantly in

ischaemia) and the caspase-8-mediated

(predominantly in reperfusion) account for

myocardial apoptosis.

4.3.3 TUNEL ASSAY

The percentage of TUNEL positive endothelial cells and cardiac myocytes in
the isolated hearts pretreated with the inhibitors of caspase-8 and caspase-9 is

reported in Fig.4.1c.

The pre-ischaemic infusion of caspase-9 inhibitor dramatically abates the

magnitude of endothelial apoptosis assessed during the 3 time points of reperfusion.

The decrement of cardiac myocytes apoptosis, in contrast, is less pronounced and

becomes statistically significant only after 60 mins of reperfusion.
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The administration of caspase-8 inhibitor before ischaemia consistently

prevents TUNEL positivity in cardiac myocytes throughout the reperfusion phase,

without significantly affecting endothelial cells death.

Hence, the selective inhibition of the caspase-8 initiated pathway affects only

myocardial apoptosis, whereas the blockage of the caspase-9-mediated pathway
prevents apoptosis mainly in endothelial cells.

4.3.4 BID PROCESSING

Cleavage

of

BID

assessed

by

Western

Blotting

is

seen

in

ischaemic/reperfused hearts, but not in hearts exposed to ischaemia alone

(Fig.4.2a). Additionally, BID processing, which is almost abolished by the pan-caspase

inhibitor ZVAD and caspase-8 inhibitor given separately before ischaemia, is not

affected by the pre-ischaemic administration of both caspase-9 inhibitor and 03

inhibitor (Fig.4.2b).
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These findings indicate that in the rat heart BID cleavage is caspase-

dependent and essentially mediated by caspase-8.

tBID,

the

cleavage

product

of

BID,

has

been

reported

to

mediate

communication between activated caspase-8 and the mitochondrial death machinery.

To confirm this hypothesis in the intact heart, we have evaluated by western blotting

the time kinetics of both BID processing and mitochondrial release of cytochrome c

throughout ischaemia/reperfusion in the hearts pretreated with caspase-8 inhibitor
and caspase-9 inhibitor (Fig.4.2c and 4.2d).

Following selective blockage of caspase-8, processing of BID, as expected, is

not observed; conversely, leakage of cytochrome c, which reflects the extent of

mitochondrial injury without BID contribution, is seen after 5 and 60 mins reperfusion,

but disappears at 120 mins reperfusion (Fig.2c).

In contrast, when only caspase-8 is active, following specific caspase-9

blockage, BID processing proceeds throughout reperfusion and cytochrome c
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relocates not only at 5 and 60 mins reperfusion, but also after 120 mins reperfusion

(Fig.2d). At this time point, tBID production parallels the peak of cytosolic relocation

of cytochrome c, which is not observed when BID processing is prevented by

inhibition of caspase-8.

Hence, tBID sustains the mitochondrial injury occurring during IR, amplifying

the leakage of cytochrome c into the cytoplasm.

4.3.5 IMMUNOCYTOCHEMISTRY WITH SPECIFIC INHIBITORS

Similar results are found evaluating the proportion of cleaved caspase-8 and

caspase-9 in hearts subjected to ischaemia/reperfusion following inhibition of either

the caspase-9- or the caspase-8-mediated pathway. (Fig.4.3a).

Pretreatment with caspase-8 inhibitor consistently reduces not only the

cleavage of caspase-8 in cardiac myocytes, but also that of caspase-9 in both

endothelial cells and cardiac myocytes. In contrast, the selective inhibition of
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caspase-9, diminishes the activation of caspase-9 in endothelial cells and cardiac

myocytes, but does not affect the proportion of cells positive for cleaved caspase-8.

Hearts pretreated with caspase-8 inhibitor, though not caspase-9 inhibitor,

likewise show reduction of caspase-8 and caspase-9 enzymatic activities (Fig.4.3b

and Fig.4.4a/b/c).

These observations suggest that in the intact heart activated caspase-8 can
both propagate the cell surface death receptor pathway, by direct cleavage of

downstream caspases, and sustain the mitochondrial pathway, by generation of tBID
and subsequent amplification of caspase-9 processing. Consistent with this, the

inhibition of caspase-9 activation by caspase-8 inhibitor, whilst significant, is always

less than that achieved by direct inhibition of caspase-9.
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SECTION 4

4.1 DISCUSSION

This study shows that caspase-9 is activated during ischaemia and remains

activated

throughout

reperfusion

in

the

intact

rat

heart

exposed

to

ischaemia/reperfusion injury. In contrast, processing of caspase-8 is only triggered
during reperfusion. Apoptosis of endothelial cells appears to be mediated completely

by caspase-9 activation. Cardiac myocytes apoptosis relies on active caspase-9
during ischaemia and early in reperfusion, but shows an increasing dependence on

caspase-8 activation later in reperfusion.

Therefore, different initiator caspases are processed during the different

phases of ischaemia/reperfusion injury, and differentially trigger apoptosis in

endothelial cells and cardiac myocytes.
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The apparent resistance of endothelial cells to undergo apoptosis following

death receptor ligation and caspase-8 activation may reflect their high levels of

expression of endogenous inhibitors of caspase-8 activation, such as FLIP (FLICE-

inhibitory protein) (Suhara et al, 2001). Synthesis of death receptor ligands, such as

FasL and tumour necrosis factor a, has been demonstrated in isolated rat hearts

early in reperfusion (Jeremias et al, 2000). Moreover, hearts from mice with a

dysfunctional Fas receptor show reduced numbers of apoptotic cells following
ischaemia/reperfusion injury. These data suggest that the apoptosis occurring during
reperfusion is at least partially due to Fas receptor ligation, and accord with our
observation of caspase-8 activation only during reperfusion.

However, since others have shown a critical role for free radicals and

mitochondrial damage in the cardiomyocyte apoptosis induced by ventricular pacing

(Cesselli et al, 2001), the relative contribution of these two mechanisms to myocyte

death remains to be fully clarified.
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Our results on differential initiator caspase activation depend partly on the use

of selective caspase inhibitors. While the absolute specificity of these may be

questioned, their use at submicromolar concentrations together with their in vivo

effects (see Fig.4.3a/b) suggest that specific inhibition is being obtained under the

experimental conditions used. Similarly, the previously documented specificity of the

antibodies for the cleaved active forms of the respective caspases is supported by
the general agreement between the immunostaining data and the enzymatic activity

assays.

Our data further suggest that the sustained activation of caspase-9 seen
during reperfusion may depend on caspase-8-mediated cleavage of BID. Other

caspases, such as 03, as well as non-caspase proteases such as calpain (Chen et al,

2001), have also been shown to cleave BID, resulting in its mitochondrial

translocation. In contrast with these findings, in the rat heart, the administration of a

caspase-3 inhibitor neither prevents nor affects BID cleavage. Moreover, while our

data do not formally exclude a contribution to BID cleavage by calpain, the dramatic
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reduction in BID cleavage seen with the pan-caspase inhibitor as well as with C8I

would suggest only a limited role for calpain-mediated BID processing.

These data, showing differences in initiator caspase activation over time, and

between endothelial cells and cardiac myocytes, suggest that apoptosis following

ischaemia/reperfusion injury is not a homogenous process. Further understanding of

the differential contribution of caspase-8 and caspase-9 may reveal new selective

targets for minimizing cell loss following infarction
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Figure 4.1a - Caspase-8 and caspase-9 activation after ischaemia/reperfusion
measured by cleavage of specific substrates. Relative AFC fluorescence is fold
increase activity compared with control hearts, buffer perfused for 60 minutes. Data
are expressed as m ean±s.e.m ean. ^p>0.05; *p<0.05: **p<0.01; ***p<0.001 vs
equivalent I/R controls.
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Figure 4.1b - Caspase-8 and caspase-9 activation measured by the percentage of
endothelial cells and cardiomyocytes stained with antibodies against activated
caspase-8 and caspase-9 in control hearts (buffer perfused for 60 minutes) and
treated hearts, exposed to ischemia with and without reperfusion. Data are
expressed as m ean±s.e.m ean. ^p>0.05; *p<0.05; **p<0.01; ***p<0.001 vs equivalent
I/R controls.
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Figure 4.1c - Percentage of TU N EL positive endothelial cells and cardiac myocytes in control hearts (buffer
perfused for 60 minutes), and treated hearts exposed to ischaemia, with and without reperfusion, after
infusion of specific inhibitors of caspase-8 and caspase-9 respectively. Data are expressed as
m eanis.e.m ean. ^p>0.05; *p<0.05; **p<0.01: ***p<0.001 vs equivalent I/R controls.
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Figure 4.2b - Cleavage of BID after ischaemia/reperfusion. The effects of
zVAD, caspase-8 and - 9 inhibitors on the appearance of tBID after 35 mins
ischemia and 60 mins reperfusion are shown.

C9i

C8i
5'R
Total Cytc

Cytosol Cytc

60’R

120'R

5'R

60’R

120'R

Total Cytc

Cytosol Cytc

(N
OO

tBID

tBID

Actin

Actin

Figure 4.2 - Kinetics during reperfusion (R) of cytosolic translocation of cytochrome c and tBID appearance
in the presence of caspase-8 (C8i) or caspase-9 (C9i) inhibitors are shown in panel c and d respectively.
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Figure 4.3a - Activation of caspase-8 and caspase-9 after treatment with
caspase-8 and caspase-9 inhibitors. Percentage of endothelial cells and
cardiomyocytes staining using antibodies against the cleaved active form of
caspase-8 and caspase-9, after inhibitor infusion.
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Figure 4.3b - Enzymatic activity, measured with caspase-8 and caspase-9
specific substrates, after treatment with caspase inhibitors. Data are
expressed as mean ± s.e.mean. ^p>0.05; *p<0.05; **p<0.01; ***p<0.001 vs
equivalent I/R controls.
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F ig u re 4.4a - immunocytochem istry o f cleaved caspase-9 and cleaved caspase-8 in
control hearts, buffer perfused for 60 minutes, and treated hearts, subjected to 35
minutes of ischaemia only (x 400).
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F ig ure 4.4b - Immunocytochemistry of cleaved caspase-9 and cleaved caspase-8 in treated hearts
exposed to 30 minutes of ischaemia followed by 60 minutes of reperfusion (x 400). The middle two sections
show anti-von W illebrand staining at the same magnification; the two right hand sections show the areas
delineated by the red boxes at higher magnification (x 650) to demonstrate desmin stain.
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F igure 4.4c - Imm unocytochemistry of cleaved caspase-9 and cleaved caspase-8 in
treated hearts exposed to 30 minutes of ischaemia and 60 minutes of reperfusion
after infusion of specific inhibitors of caspase-9 and -8 respectively (x 400).
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Figure 4.5a - Characterization of the anti-caspase-8 antibody specifically
detecting the cleaved active form of caspase 8 (p10)
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F ig ure 4.5b - Characterization of the anti-oaspase-9 antibody specifically
detecting the cleaved active form of caspase 9 (p37)
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RESULTS

MINOCYCLINE,

A

NOVEL

CARDIOPROTECTIVE

AGENT,

INHIBITS

CASPASE ACTIVATION AND REACTIVATION BY INCREASING THE RATIO OF
XIAP TO SMAC/Dlablo AND REDUCING MITOCHONDRIAL LEAKAGE OF
CYTOCHROME C AND SMAC/Diablo

SECTION 1

5.1 INTRODUCTION

Minocycline is a semisynthetic second-generation tetracycline with proven
safety, which is used in humans for the treatment of acne and urethritis (Aronson,
1980). The drug is also considered for the treatment of severe chronic inflammatory
diseases, such as rheumatoid arthritis, as it exerts anti-inflammatory effects that are
completely separate and distinct from its antimicrobial action (O'Dell, 1999).
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It has been shown that minocycline protects the brain in rodent models of
global and focal cerebral ischaemia (Yrjanheikki et al, 1999; Yrjanheikki et al, 1998).

Minocycline exhibited a wide therapeutic window as the beneficial effect was obtained

not only when the drug was administered before the onset of ischaemia, but also a

few hours after the delivery of the ischaemic insult. The significant neuroprotection
was attributed to decreased expression of caspase-1 and cyclooxygenase 2 (COX-2)
(Yrjanheikki et al, 1999; Yrjanheikki et al, 1998), as well as inhibition of the inducible
form of nitric oxide synthase (iNOS) (Yrjanheikki et al, 1999). These effects would
account for a reduction of the secondary inflammation that occurs during an
ischaemic stroke and consistently contributes to the extent of neuronal cell death
(Rothwell et al, 1997).

Remarkable neuroprotection was also observed in other experimental models

of neurodegeneration. In a transgenic mouse model of Huntington's disease, for
instance, minocycline delayed disease progression and prolonged survival both
inhibiting caspase-1 and caspase-3 mRNA up-regulation, and decreasing the activity

of iNOS (Chen et al, 2000). In a mouse model of Parkinson's disease, minocycline-
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induced prevention of neurodegeneration was associated not only with decreased
iNOS and caspase-1 expression, but also with inhibited phosphorylation of p38
mitogen-activated protein kinase (MARK) (Du et al, 2001) Minocycline was also shown
to inhibit mitochondrial leakage of cytochrome c and delay progression of
amyotrophic lateral sclerosis in a transgenic mouse model of the disease (Zhu et al,
2002 ).

However, although minocycline-mediated neuroprotection has been extensively
reported, no corresponding data is yet available about the potential beneficial effects
of minocycline as a cardioprotective agent against ischaemia/reperfusion injury.
Therefore, the present contribution was aimed at evaluating both in primary cultures
of myocytes and in the intact heart, the cardioprotective effectiveness and the
mechanism of action of minocycline during ischaemia/reperfusion injury.
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SECTION 2

5.2 METHODS

5.2.1 PRIMARY CULTURES OF NEONATAL CARDIAC MYOCYTES

The experiments on cultured neonatal and adult cardiac cells were kindly
performed by Dr. Paul Townsend, Institute of Child Health, University College London.

Ventricular myocytes, isolated from the hearts of neonatal Sprague Dawley rat
that were less than 2 days old, were cultured as described previously (Simpson and
Savion, 1982) with the following modifications. After collagenase digestion the cells

were pre-plated in medium consisting of DMEM (1000 jig glucose/L, 1 m MolA Lglutamine, lOOU/ml penicillin/streptomycin (all GIBCO BRL) supplemented with 15 %

(v/v) fetal calf serum on 10|cm^ tissue culture dishes. Pre-plating of the cell

i

suspension for 30 minutes allows contaminating fibroblasts to attach and the

myocytes remain free within the culture media.
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Subsequent to this incubation, the cardiac myocyte cell suspension was

transferred onto six-well (3 cm) gelatin coated plates (Falcon) at a density of 10^ cells
per well. This plating system yields cell cultures that are more than 95 % myocytes

as determined by indirect staining with a monoclonal mouse antibody to desmin.
Where required, transient transfection experiments were performed in rat neonatal
cardiomyocytes following 24 hours in culture and the DNA precipitates were left for
16 hrs. The cells were then washed in IxPBS and the media was replaced by the
above media containing reduced PCS at 1 % (v/v) (hereafter referred to as growth
medium) for an additional 24 hours before experimentation. Within 3 days a confluent

monolayer of spontaneously beating myocytes was formed.

5.2.2 PRIMARY CULTURES OF ADULT CARDIAC MYOCYTES

Cell cultures of adult cardiac myocytes were kindly performed by Dr. Laura

Comini, as part of a collaborative study with the Cardiovascular Pathophysiology

Research Centre, S. Maugeri Foundation IRCCS, Italy.
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Primary adult rat cardiac myocytes were prepared from 6-month-old female

Sprague Dawley rats, as previously described (Lundgren et al, 1984; Piper et al,

1982). Rats were sacrificed by cervical dislocation, hearts removed immediately and
immersed in buffer A (130 mM NaCI, 5 mM HEPES, 10 mM Glucose, 5.4 mM KOI, 3.5
mM MgCL, 0.4 mM NaH2P04) with 5 units/ml heparin.

The aorta was identified and mounted on the cannula of a Langendorff
perfusion apparatus. The heart was retrogradely perfused at 9 ml/min in buffer A
containing 750 ^iM CaC^ for 2 min, followed by buffer A containing 100 pM EGTA for

4 mins, buffer A with 0.8 mg/ml collagenase type II and 200 pM CaCL for 15 mins.

The heart was then removed, sectioned and placed in buffer A with 0.8 mg/ml

collagenase, 10% BSA and 200 pM CaC^ for 5 mins. Cells were filtered through a
200 pM nylon gauze and washed in buffer A with 10% BSA and 200 pM CaClg. Cells

were allowed to settle for 5-10 mins, the supernatant was removed and the wash
repeated.
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Cells

were

then

resuspended

in

DMEM

with

80

pM

EGTA,

1%

Penicillin/Streptomycin, 1% fetal bovine serum and incubated at 37°C with 5% COg for

1 hour on laminin coated plates (10-15 pg/ml). After replacement of the media, cells

were returned to the incubator and treated as required.

5.2.3 TREATMENT OF ISOLATED CARDIAC MYOCYTES

To subject cardiac myocytes to simulated ischaemia, the normal growth
media of the cardiomyocyte cultures was replaced with 1 ml of ischaemic buffer
(137mM NaCI, 12 mM KCI, 0.49 mM MgCI^, 0.9 mM CaCI^H^O, 4 mM HEPES, 20mM

Na lactate, 10 mM deoxyglucose; Sigma, Dorset UK) (pH 6.2), and the cells were
incubated at 37°C in an ischaemic chamber for 4 hours in an atmosphere of 0 %

oxygen, 5 % CO^, and balance gas argon (BOO gases). In a few experiments, cells

were returned to a normoxic environment for a further 16 hours of reoxygenation, to

simulate reperfusion.
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5.2.4 CELL DEATH ASSESSMENT IN ISOLATED CARDIAC MYOCYTES

Single cell suspensions were prepared from normoxic/treated cardiac

myocytes and Annexin V staining was successively applied as previously referred (van

Engeland et al, 1996; Vermes et al. 1995). Cardiac cells were mixed with fluorescein
isothiocyanate

(FITC)-labelled

Annexin

V

(green

fluorescence),

at

the

final

concentration of l^ig/m l (Pharmingen, Beckton Dickinson, UK), and propidium iodide
(PI) (red fluorescence), at the final concentration of l^ig/m l (Sigma, Dorset UK), in the
presence of l.SmM calcium.

Cells were then incubated at room temperature for 15 mins, prior to
quenching in calcium containing binding buffer (Pharmingen, Beckton Dickinson, UK),

and immediately analyzed.

A Beckman Coulter XL flow cytometer was used to collect 20000 events. The

discrimination between cell populations was achieved based on the pattern of their

199
staining. Myocytes simultaneously negative for FITC-labelled Annexin V and PI staining

(FITC-/PI-) were regarded as being intact cells. Myocytes exhibiting positive labelling

for both FITC-labelled Annexin V and PI staining {FITC+TPk) were considered necrotic.
Finally, cardiac cells showing simultaneous combination of FITC-labelled Annexin V

positive staining with dye exclusion of propidium iodide (PI) (FITC-k/PI-) were counted

as apoptotic.

5.2.5 ANIMAL MODEL

Animal work was kindly performed by Dr. Evasio Pasini, Cardiovascular
Pathophysiology Research Centre, S. Maugeri Foundation IRCCS, Italy.

The study was performed following the guidelines for the use of laboratory

animals in accordance with the European Guidelines 86/609/CEE. Male SpragueDowley rats weighing 250300g (Charles River, Calco, Italy) were fed with a standard

diet and submitted to the experimental protocols, as detailed hereinafter.
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5.2.6 PERFUSION OF THE ISOLATED RAT HEARTS

Rats were anesthetized by sodium pentobarbital (6 mg kg-1 administered

intraperitoneally) and sacrificed by decapitation. The hearts were removed, immersed
in an ice-cold modified Krebs-Hensleit buffer solution and subsequently perfused by
the non-recirculating Langendorff technique at a constant flow of 11 ml/min as

previously described (Chapter 2). The heart rate was continuously maintained at 300
bpm by electrical pacing and the left ventricular wall was kept at the steady
temperature of 37°C.

5.2.7 TREATMENT PROTOCOLS

After a period of stabilization of at least 30 minutes, the isolated hearts were

randomly divided into 5 groups (A, B, 0, D and E) of at least 6 hearts each. Group A

and B were aerobically perfused for 60 mins, with or without the addition of

minocycline (IpM) to the perfusate respectively. Group C, D and E were exposed to
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30 mins of regional ischaemia and 2 hours of reperfusion, with (group D and E) or
without (group C) pretreatment with minocycline. Group D was given minocycline ex

vivo, at the dose of IpM, 1 hour before ischaemia and during reperfusion. In Group E,
minocycline was administered in vivo, over a period of 3 days (45 m g/kg ip twice a

day for the first day; 22.5 mg/kg for the subsequent 2 days), prior to isolation of the
hearts and their exposure to ischaemia/reperfusion.

5.2.8 REGIONAL ISCHAEMIA

After stabilization, the left coronary artery of the isolated rat hearts was
surgically occluded for 30 mins using suture ligation. At the end of the ischaemic

phase, the hearts were reperfused for 60 min by release of the suture tie, which was
left loose on the surface of the heart. Severe arrhythmias, evoked by restoration of

the coronary flow, were successfully prevented by flushing the hearts with cold KrebsHensleit solution immediately after release of the tie. In all cases direct touching of
the heart was avoided. Immediately after retightening of the suture at the end of the

reperfusion period, 0.5 ml of 0.25% Evans Blue solution was slowly infused in order
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to delineate the ischaemic area at risk within the left ventricular wall, the non-perfused

parts of the hearts being unstained.

5.2.9 INFARCT SIZE MEASUREMENT

In a few sets of experiments, after removal of the right ventricle and
connective tissue, the hearts were frozen at -20°C for 4 hours and then cut into 1
mm transverse sections, moving from the apex to the base.

Once defrosted, the slices were incubated at 37°C with 1% triphenyltetrazolium cloride (Sigma, Dorset UK) in phosphate buffer (pH 7.4) for 10 minutes,
and subsequently fixed in a 10% formaldehyde aqueous solution overnight, to clearly

distinguish stained viable tissue and unstained necrotic tissue.

Left ventricular infarct zone was determined by a computerized planimetry and

expressed as the percentage of infarcted area within the myocardium at risk.
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5.2.10 LEFT VENTRICULAR PRESSURE

To obtain an isovolumetrically beating preparation, a latex balloon filled with
saline, connected by a catheter to a Statham transducer (P 23 XL), was inserted into

the left ventricle through an atriotomy and secured by a suture around the
atrioventricular groove. The balloon was inflated to provide an end-diastolic pressure
<1.0 mm Hg (15).

5.2.11

ASSAY OF CREATINE PHOSPHOKINASE IN THE CORONARY

EFFLUENT

During each perfusion, the coronary effluent was collected at different time

points

in

chilled

glass

vials

and

promptly

assayed

spectrophotometry, as previously reported (Oliver, 1995).

for

CPK

activity

by
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5.2.12 PREPARATION AND PRE-TREATMENT OF TISSUE SECTIONS

Hearts were removed from the perfusion apparatus and cross-sectioned from
the apex to the atrioventricular groove into four 2.5 mm thick slices as previously

reported (Chapter 1). The sections were placed in 4% formaldehyde in TBS and
stored at 4®C for a maximum of 48 hours.

Once dehydrated the tissues were embedded in molten paraffin, placed in
metallic blocks, covered with plastic moulds and kept under freezing plates to solidify
the paraffin. All samples were placed in the same orientation to ensure that
comparable sections were cut. Serial 4 ^m myocardial sections were cut using a
microtome (Life Sciences International; Basingstoke, Hampshire UK) and mounted on

siliconized slides.

Sections were dewaxed by incubation for 1 hour at 60°C, followed by

deparaffination by immersion in xylene for 5 min, and were sequentially rehydrated by
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soaking through 100% ethanol for 1 min; 100% ethanol for 1 min, 70% ethanol for 1
min and distilled water for 1 min. The pre-treatment was completed by incubating the

sections at 37° for 30 min in TBS containing 1 mg/ml trypsin and 1 mg/ml CaCI2

followed by washing 3 times in TBS.

5.2.13 TUNEL STAINING

TUNEL staining was performed using a commercial kit (Boehringer Mannheim;
Lewes, Sussex UK) with the following changes to the recommended protocol. Once
the area of slide around the section was dry, 50 p.1 of TUNEL mixture, containing TdT
and dUTP in reaction buffer were pipetted onto each section. In our experience the

use of coverslips to eitsure a homogeneous spread of TUNEL mixture across
sections is not strictly required. The slides were incubated in a humidified chamber

for 60 min at 37*0 in the dark. Finally, slides were rinsed 3 times in TBS.

Positive controls were generated by incubating samples from control hearts at

room temperature for 10 min with 100 pi of a 1 mg/ml solution of DNase I in PBS, in
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order to induce strand breaks. Sections were then washed 3 times in PBS. Negative
controls were created by incubating sections with TUNEL mixture lacking TdT.

5.2.14 ADDITIONAL STAINING

A previously described (Chapter 1), multiple step immunocytochemical
procedure was used. Following TUNEL staining, serial 4 ^m myocardial sections were
labelled with either anti-desmin (Insight Biotechnology; Wembley, Middlesex UK) or
anti-von Willebrand factor (Boehringer Mannheim Biochemica, Lewes, Sussex UK)
antibodies, in order to selectively identify cardiac myocytes and endothelial cells
respectively.

Each slide was covered with an excess of primary antibody

(approximately 70-100 ^il per slide), incubated at room temperature in a humidified
chamber for 60 mins and washed with 3 changes of TBS.

After incubation for 45 mins with specific secondary antibodies and following

washing, the slides were counterstained with PI, mounted under glass coverslips,

using antifade mounting medium (Biorad; Hercules, California), and finally examined
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by confocal fluorescent microscopy (Bio-Rad Laser Sharp MRC-1024; Heme!
Hempstead UK). Data are expressed as the means of 12-15 high power fields +/-SD.

5.2.15

REVERSE TRANSCRIPTION-POLYMERASE CHAIN REACTION

(RT-PCR)

These experiments (isolation of RNAs and RT-PCRs) were kindly performed by
Dr. Kevin Lawrence, Institute of Child Health, University College London.

Total RNA was isolated from all randomized treated and untreated hearts
using an RNA isolator solution TRIZol (Gibco-BRL, Sussex, UK), according to the

manufacturer's instructions. RNA concentration and purity were confirmed by

measuring the absorbance at 260 and 280 nm, respectively. DNAse (Promega)

treated RNA was reversed transcribed with Superscript II reverse transcriptase (Gibco
BRL) and oligodT (ISmer) primer. The following specific primers were used to semi-

quantitate transcript levels.
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As an internal control, rat cyclophilin was amplified using specific primer

sequences:

5'-CGAGCTGTTTGCAGACAAAG-3' (forward)

and 5’-TTCTTGCTGGTCTTGCCATT-3' (reverse).

Since the rat sequence for XIAP, to date, is unknown, we designed primers to
amplify this transcript, based on homology between the mouse and human
sequences. XIAP primer sequences were:

5'-CTACCTCTGGAACAAGGTGG-3’ (forward) and

5'-CAAGCTGCTCAGGCTGAAC-3’ (reverse).

DIABLO primer sequences were:

5’-GCATGACACTGTGTGCGGTTC-3' (forward) and

5'-CCAACTGGATGTGATTCCTG-3’ (reverse).
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Caspase-1 primer sequences were:

5’-GACCTCAGAGAAATGMGnG-3’ (forward)

and 5’-CACGGCATGCCTGAATAATG-3' (reverse).

Caspase-3 primer sequences were:

5 -GGTATTGAGACAGACAGTGG-3' (forward) and

5 -CATGGGATCTGTTTCTTTGC-3' (reverse).

Caspase-7 primer sequences were:

5’-GATAAAGGATCTGACAGCTC-3’ (forward) and

CATGGACACCATACATGGAATC 3' (reverse).

Caspase-8 primer sequences were:

5’-GAGCTGACATCnACTTCAC-3’ (forward) and

5’-GAAGATGGGCTGTGGCATC-3' (reverse).
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Caspase-9 primer sequences were:

5'-GTACATCGAGACCTTGGATG-3’ (forward) and

5'-GACAGGATTACACAACCTCATG-3' (reverse).

Caspase-12 primer sequences were:

5'-CAGAAGTACAGGATTCACTG-3’ (forward) and

5’-CATTCCTCATCTGTATCAGC-3’ (reverse).

Each PGR cycle consisted of 45s at

94°C, 45s at 60°C and 1 min at 72°C.

PGR amplification was carried out for 20-30 cycles, which was within the linear range,
depending on the primer pair used. After amplification the products were separated in
a 1% agarose gel, containing 0.03% of ethidium bromide. The PGR results were

analyzed by using a Bio-Rad imaging densitometer GS-800 (Bio-Rad, Hercules,

California).
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5.2.16 CASPASE ACTIVITY ASSAY

The assessment of caspase activity and Western blot analysis were kindly
performed by Dr Anastasis Stephanou, Institute of Child Health, University College

London.

Cardiac activation of caspase-3, caspase-7, caspase-8 and caspase-9 was
evaluated in tissue extracts using commercial kits (Biovision; Mountain View, CA, USA)
with the following changes to the recommended protocol. Cardiac ventricular tissue
from each group was placed in ice-cold lysis buffer and subsequently homogenized.

The homogenates were centrifuged at 750 x g for 5 mins at 4°C.
Supernatants were then centrifuged at 10000 x g for 15 mins at 4°C. Enzyme

reactions were performed with -3 0 0 ^g of cytosolic proteins per assay and a final
concentration

of

50^iM

of

AFC(7-amino-4-trifluoromethyl

coumarin)-conjugated

substrates specific for either caspase-3, -7, -8 and -9. Samples were read in a
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fluorimeter equipped with a 400-nm excitation and a 505-nm emission filter. Foldincrease in caspase activity was determined by comparing fluorescence of AFC in

control and treated hearts with BS perfused control.

5.2.17 WESTERN BLOTTING

Cardiac ventricular tissue from each group were washed in sterile phosphate
buffered saline (PBS) and harvested in IX RIPA (50mM, Tris, pH8, 150mM NaCI, 0.5%
DOC, 0.1% SDS, 1% NP40) containing protease inhibitors. Protein concentration was
determined using a Bradford assay and equal amounts (20^ig) diluted in gel loading
buffer. Proteins were separated in polyacrylamide gels of either 10% or 12% and

transferred onto Hybond C membranes (Amersham Pharmacia, UK).

The membranes were blocked for 1 hour in 5% non-fat milk (Marvel) in Ix TST

(lOmM Tris, 150 mM NaCI, Tween 0.05%). Blocked membranes were incubated with
primary antibody overnight at 4°C. After application of the appropriate secondary

antibody, membranes were washed in TST and subjected to enhanced chemi-
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luminescence

(Amersham

Pharmacia

International,

UK)

and visualized

using

autoradiography.

Anti-procaspase-1, -3, -7, -8, -9, -12, and the anti-actin and anti-XlAP antibodies

were from Santa Cruz (California, USA). The rabbit polyclonal anti-Smac/DIABLO
antibody, PW102, was a kind gift from Professor Julian Downard, Cancer Research
UK, London, UK.

5.2.18

MITOCHONDRIAL

AND

CYTOPLASMIC

PROTEIN

FRACTIONATION

Subcellular fractionation experiments were kindly performed by Dr Paul

Townsend, Institute of Child Health, University College London.

Cardiac ventricular tissue from each group was collected in to ice cold PBS

and mitochondrial and cytoplasmic fractions prepared as a modification described

(Watmough et al, 1988). Briefly, cells were Bounce homogenised in buffer B (250mM
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sucrose, 2 mM Hepes, 0.1 mM EGTA, pH7.4) containing 2mg ml^ fatty acid free

Fraction V BSA. Mitochondria were isolated from cytoplasmic fractions using

differential centrifugation, washed twice in buffer B, and finally resuspended in buffer
B, without BSA. Protein concentrations were determined and both fractions were

prepared at a concentration of 0.5mg mP.

5.2.20 CELL FRACTION CHARACTERIZATION AND ASSESSMENT

Equal amounts (20pg) of cytoplasmic and mitochondrial proteins were
separated using SDS-PAGE. Nitrocellulose blots were incubated with primary antibody
in IXTST (lOmM Tris, 150 mM NaCI, Tween 0.05%) containing 0.5% non-fat milk.

Bands were visualized using ECL (Amersham Pharmacia International, UK).

Anti-Cytochrome ; c and anti-HSP60 antibodies were purchased from Abeam
(Cambridge Science Park, UK), anti-actin was from Santa Cruz (California, USA) and

the rabbit polyclonal SMAC/Diablo antibody, PW102, was a kind gift from Julian
Downward, Cancer Research UK, London, UK.
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5.2.21 STATISTICS

Data are expressed as means ± S.D. Single-factor one-way analysis of

variance (ANOVA) was performed for each group of treatments and significance was
assumed when p<0.05. Difference among means were compared within the
treatment groups using Student's t test and significance was assumed when p<0.05.
The experiments were repeated at least three times. In specific regard to the
hemodynamic assessment, analysis of covariance (ANCOVA), with time as the
covariate and post-hoc analyses were used to test the principal component with
contrast. The Bonferroni correction was then applied and P values < 0.05 were

considered significant.

216

SECTION 3

5.3 RESULTS

5.3.1

MINOCYCLINE IS CARDIOPROTECTIVE EVEN WHEN GIVEN AT

REOXYGENATION

To investigate whether minocycline plays a role in cardioprotection, we firstly

assessed the occurrence of cell death in primary cultures of neonatal and adult
cardiac myocytes treated with minocycline.

Myocytes were exposed to 4 hours of simulated ischaemia either alone or
followed by 16 hours reoxygenation. Minocycline (0.02 pM) was added to the

myocytes 0, 1, 2, 4 and 24 hours prior to the hypoxic injury or at the point of
reoxygenation, as previously described. Cell death was assessed by annexin V and PI
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staining followed by FACS analysis, using the parameters previously described (see

5,2.4).! (van Engeland et al, 1996; Vermes et al. 1995)

Minocycline significantly reduced necrotic and apoptotic cell death, both in

neonatal and adult myocytes, not only when given prior to hypoxia, but also more
importantly when given at reoxygenation. In neonatal myocytes, the cardioprotective
effect peaked when minocycline was administered 2 hours before hypoxia (Fig.5.la).

Necrotic cell death decreased from 35.2±2.8% to 24.5+1.7% (p<0.001) and
apoptotic death from 28.3±2% to 18.1±1.7% (p<0.001).

In adult myocytes, the highest cardioprotection was reached when minocycline
was given 4 hours before hypoxia (fig.S.lb). The magnitude of necrosis (38.1±2.7%)

and apoptosis (29.5±2.3%) in untreated myocytes diminished to 22.7+1.9% and

20.4±1.6%

respectively

(p<0.001).

Post-hypoxic

treatment

with

minocycline

prevented to a lesser, though statistically significant extent, the degree of total cell

death both in neonatal and adult myocytes (p<0.05) (fig.5.1a/b).

218

5.3.2

MINOCYCLINE PROMOTES POST-ISCHAEMIC RECOVERY OF

CARDIAC FUNCTION INDEPENDENTLY FROM ANY DIRECT HEMODYNAMIC
EFFECTS

To further validate these in vitro findings, we investigated the cardioprotective
effects of minocycline in the isolated, Langendorff perfused rat heart. We first

evaluated the haemodynamic effects induced by minocycline in rat hearts exposed to
30 minutes of regional ischaemia followed by 2 hours of reperfusion. Minocycline was
either dissolved in the perfusate at the dose of IpM, and infused ex vivo, through the
Langendorff apparatus,

1 hour before ischaemia and during reperfusion, or

administered in vivo, over a period of 3 days (45 m g/kg ip twice a day for the first
day; 22.5 mg/kg for the subsequent 2 days), prior to isolation of the hearts and their
exposure to ischaemia/reperfusion.

Control hearts exposed to ischaemia/reperfusion showed a progressive rise in

diastolic pressure and a rapid decline in developed pressure, which poorly recovered
during reperfusion (fig.5.2a).
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Administration of minocycline (l|iM ) during aerobic perfusion had no effect on

the haemodynamics of isolated hearts. The pre- and post-ischaemic infusion of
minocycline significantly reduced the progressive rise of diastolic pressure observed

during ischaemia/reperfusion. This recovery in diastolic pressure started after 10
mins of ischaemia (29.3±3.2 mm Hg after 20 mins ischaemia: p<0.05 vs
ischaemia/reperfusion control) and progressively improved throughout reperfusion.
Since no concurrent enhancement in developed pressure was observed, the postischaemic recovery of the function in the hearts infused pre- and post-ischaemia with
minocycline was only modest, though statistically significant (p<0.05 vs control)

(Fig.5.2b).

In contrast, the in vivo treatment with minocycline, extended for 3 days,
induced not only a greater and earlier recovery of diastolic pressure during

ischaemia/reperfusion, but also a rapid recovery of developed pressure, which

became significant after 5 min of reperfusion (72±5.2 mm Hg: p<0.05 vs
ischaemia/reperfusion control), and which progressively improved with partial
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normalization (86.0+5.9 mm Hg: p<0.001 vs ischaemia/reperfusion control) at the

end of reperfusion (Fig.5.2c).

Hence, the in vivo pretreatment with minocycline consistently prevented the
functional impairment in cardiac function associated with ischaemia/reperfusion injury
(p<0.001 vs ischaemia/reperfusion control).

5.3.3

MINOCYCLINE

MINIMIZES

INFARCT

SIZE

AND

CARDIAC

RELEASE OF CPK FOLLOWING ISCHAEMIA/REPERFUSION INJURY

To address whether this amelioration in cardiac performance is due to
enhanced cell survival, we evaluated the extent of myocardial infarction, cardiac
release of creatine phosphokinase and apoptotic cell death in the isolated rat heart
pretreated with minocycline and subsequently exposed to regional ischaemia.

In control hearts exposed to ischaemia/reperfusion, the percentage of
infarction within the risk zone was 35+1.9% (Fig.5.3a). Following ex vivo pre- and
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post-ischaemic infusion of minocycline, the cardiac release of creatine phosphokinase
(905+44 mU/min/GWW; p<0.05 vs ischaemia/reperfusion control), though not the

percentage of infarction (p>0.05), was significantly reduced (Fig.5.3b). Conversely,
the in vivo administration of minocycline over a three-day period resulted in a marked
limitation of infarct size (p<0.001 vs ischaemia/reperfusion control), which was also

associated with a strong attenuation of CPK release in the coronary effluent (737+36
mU/min/GWW after 30 mins reperfusion; p<0.001 vs ischaemia/reperfusion control)
(Fig.5.3b).

5.3.4

MINOCYCLINE PREVENTS BOTH ENDOTHELIAL AND MYOCYTES

APOPTOSIS IN THE INTACT HEART EXPOSED TO ISCHAEMIA/REPERFUSION

TUNEL

is

an

enzymatic

reaction

commonly

used

to

detect

the

oligonucleosomal DNA fragmentation characteristic of end stage apoptotic cells. In

agreement with our previous studies, TUNEL positive staining was detected only

during reperfusion and always colocalized with caspase-3 positive labeling (Chapter
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3; Chapter 4). Additionally, the magnitude of apoptotic cell death was much higher in

endothelial cells than in cardiac myocytes.

The three-day in vivo treatment with minocycline produced a highly significant
reduction in these markers of apoptotic cell death in both cell types (p<0.001 vs
ischaemia/reperfusion control) (Fig.5.3c/d and Fig.5.4). Though less profound, the

lessening in apoptosis remained significant when minocycline was given in infusion
before and after ischaemia (p<0.001 vs ischaemia/reperfusion control) (Fig.5.3c/d).

Hence, the modest, though significant, post-ischaemic recovery of the
function, observed after ex vivo infusion of minocycline, was associated with a
significant decrease in cardiac release of creatine phosphokinase and a non
significant limitation of infarct size. In contrast, following in vivo treatment with

minocycline, the post-ischaemic recovery of cardiac function was greatly enhanced
and paralleled a marked reduction of both infarct size and myocardial release of

creatine phosphokinase.
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5.3.5

MINOCYCLINE INDUCES CARDIAC DOWNREGULATION OF BOTH

INITIATOR AND EFFECTOR CASPASES

We then investigated the anti-apoptotic mechanism of minocycline in rat
hearts, either unexposed or exposed to ischaemia/reperfusion, coming from animals

receiving minocycline ip over a period of three days. Since the known neuroprotective
properties

of

minocycline

include

inhibition

of

caspase-1

and

caspase-3

transcriptional upregulation and activation in neuronal cells, we firstly evaluated the
effects of minocycline on the expression of different caspases at both the mRNA and
protein level in the heart.

By RT-PCR and western blot analysis, ischaemic/reperfused control hearts
exposed to 30 mins ischaemia followed by 2 hours reperfusion showed a three-fold

or more mRNA and protein level upregulation of both caspase-1, caspase-3, caspase-

7, caspase-8, caspase-9 and caspase-12 (Fig.5.5 and Fig.5.6). In hearts given threeday treatment with minocycline prior to exposure to the same ischaemia/reperfusion
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protocol, minocycline dramatically prevented the mRNA and protein induction of all
the above caspases. Similarly, in control hearts unexposed to ischaemia/reperfusion

receiving minocycline ip for three days, the basal mRNA and protein expression level

of caspases-1, -3, -7, -8, -9 and -12 was greatly downregulated compared to control

hearts unexposed to ischaemia/reperfusion (Fig.5.5 and Fig.5.6). The minocyclinemediated effects on the mRNA and protein expression of caspases were highly
reproducible and consistent.

5.3.6

MINOCYCLINE PREVENTS CASPASE ACTIVATION IN THE HEART

EXPOSED TO ISCHAEMIA/REPERFUSION INJURY

In

agreement

with

these

findings,

in

control

hearts

exposed

to

ischaemia/reperfusion the activity level of initiator (caspase-8 and caspase-9) and
effector caspases (caspase-3 and caspase-7), assessed in tissue extracts by activity

kits, was conspicuously heightened compared to control hearts. Hearts subjected to
three-day in vivo treatment with minocycline and following ischaemia/reperfusion

showed a level of functional activation of caspase-3, -7, -8 and -9 greatly reduced
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compared

to

ischaemic/reperfused

control

hearts

(p<0.001

vs

ischaemia/reperfusion control) (Fig.5.7).

Therefore, in addition to the downregulated expression of effector caspases

previously reported in the brain (Yrjanheikki et al, 1999; Yrjanheikki et al, 1998;
Rothwell et al, 1997), we show for the first time that minocycline downregulates in a
different target organ exposed to ischaemia/reperfusion not only the expression, but
also the activity of both initiator and effector caspases.

5.3.7 MINOCYCLINE INCREASES THE RATIO OF XIAP TO SMAC/Dlablo

To

probe

whether

other

mechanisms,

independent

from

caspase

downregulation, contribute to reduce the level of caspase activity in minocycline-

treated hearts exposed to ischaemia/reperfusion, we evaluated the expression levels

of XIAP and SMAC/Diablo in the isolated rat heart. XIAP, the prototype of a family of

endogenous inhibitors of apoptosis proteins (lAPs), binds and inactivates mature

caspase-9 and caspase-3 (Deveraux et al, 1998; Ekert et al, 2001), suppressing not
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only the mitochondria-initiated caspase-9-mediated apoptotic pathway, but also the

caspase-8-induced proteolytic activation of caspase-3 (Deveraux et al, 1998). XIAP-

mediated blockage of activated

caspases is reversed

by Smac/DIABLO,

a

mitochondrial protein, which is released into the cytoplasm, following mitochondriainitiated apoptosis (Chai et al, 2000; Srinivasula et al, 2000). Hence, the ability of
active caspases to commit a cell to die by apoptosis appears to be dependent on the
stoichiometry of XIAP and its antagonist, Smac/DIABLO.

In ischaemic/reperfused control hearts, ischaemia followed by reperfusion
resulted in a marked induction of SMAC/Diablo, together with reduced expression of
XIAP, both at the mRNA and protein level (Fig.5.5 and Fig.5.6). Minocycline given for
three consecutive days prior to ischaemia/reperfusion induced enhanced expression
of XIAP and concurrent downregulation of SMAC/Diablo again at the mRNA and
protein level (Fig.5.5 and Fig.5.6). An analogous action, with strong induction of the

basal level of XIAP associated with reduced expression of SMAC/Diablo, was also

observed

in

hearts

receiving

minocycline

for

ischaemia/reperfusion, compared to control hearts.

three

days

unexposed

to
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This is to our knowledge the first report in any cell type showing that the ratio

of XIAP to Smac/DIABLO is significantly increased by minocycline. Given that the
overexpression of lAPs prevents apoptosis induced with a wide variety of stimuli,

including TNFa, Fas, staurosporin, etoposide and growth factor withdrawal (Deveraux
et al, 1998), we believe that this novel minocycline-mediated mechanism may also be
an important factor responsible for minimizing caspase activity in the heart exposed
to ischaemia/reperfusion injury.

5.3.8

MINOCYCLINE

REDUCES

MITOCHONDRIAL

LEAKAGE

CYTOCHROME C AND SMAC/Diablo IN THE ISCHAEMIC/REPERFUSED
HEART

Mitochondrial release of cytochrome c and Smac/DIABLO into the cytoplasm
is a potent pathophysiological trigger for caspase-9 activation (Green and Reed,

1998) and reactivation of latent caspases respectively (Ekert et al, 2001).

Minocycline-mediated inhibition of cytochrome c release has been previously

OF
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documented in a mouse model of amyotrophic lateral sclerosis and associated with
delayed disease onset and extended survival (Zhu et al, 2002). Because of the crucial

role of mitochondria in the modulation of caspase activation, the relation between

minocycline and the mitochondrial release of cytochrome c and Smac/DIABLO is

likely to be one of the primary mechanisms of minocycline-induced cardioprotection.
Therefore, to probe whether the inhibition of the cytoplasmic relocation of

cytochrome c and Smac/DIABLO is an additional mechanism responsible for the postischaemic reduction of caspase activity achieved with minocycline treatment, we
evaluated the time kinetics of mitochondrial release of both molecules in the intact
heart (Fig.5.8).

In rat hearts unexposed to ischaemia/reperfusion receiving in vivo treatment
with minocycline, consistent with our previous findings (Fig.5.5 and Fig5.6), the

expression level of Smac/DIABLO in mitochondrial fractions was reduced compared
to control hearts. In contrast, in vivo treatment with minocycline had no effect on the

mitochondrial expression of cytochrome c. In cytoplasmic fractions from rat hearts
unexposed to ischaemia/reperfusion, both untreated and treated in vivo with
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minocycline, cytochrome c and Smac/DIABLO were both undetectable (Fig.5.8). In
contrast, cytoplasmic relocation of cytochrome c and Smac/DIABLO was clearly

observed in ischaemic/reperfused control hearts and remarkably reduced in
ischaemic/reperfused rat hearts receiving minocycline in vivo for three days.

Hence, the reduced leakage of cytochrome c and Smac/DIABLO from the
mitochondria into the cytoplasm is another primary target of minocycline-mediated
mechanism of action in the heart exposed to ischaemia/reperfusion injury.
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SECTION 4

5.4 DISCUSSION

Here, we show for the first time that minocycline induces also protection
against ischaemia/reperfusion injury at the level of a new organ and we substantiate
our findings by providing new insights into its mechanism of action. Apoptosis is a
caspase-mediated form of cell death, contributing together with necrosis, to the
extent of the myocardial damage following ischaemia/reperfusion injury (Yaoita ET

AL, 2000). Our study demonstrates that minocycline effectively protects cardiac
myocytes against ischaemia/reperfusion injury, inducing a marked reduction of both

necrotic and apoptotic cell death. This cardioprotective effect has been validated at
three levels: in vitro, using primary cultures of neonatal and adult cardiomyocytes; ex

vivo, infusing minocycline to the isolated rat heart; and in vivo, injecting the animals
with minocycline over a period of three days. Importantly, the reduction of infarct size
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and apoptotic cell death observed following in vivo treatment with minocycline, was
associated with a remarkable post-ischaemic recovery of cardiac function.

We also investigated the mechanism of action of minocycline in the intact

heart. Minocycline is, to our knowledge, the first non-toxic drug with an established
safety record in human to induce profound inhibition of the activity level of several
initiator and effector caspases. This extensive inhibition is achieved through the
synergetic action of multiple novel mechanisms. Besides the well-documented
downregulation of caspase-1 and -3, we show that minocycline reduces the cardiac
expression of caspase-7, -8, -9 and -1 2 in basal condition, and prevents the post-

ischaemic upregulation of all the above caspases.

We also present the first evidence in any cell types that minocycline effectively

interferes with upstream and downstream mechanisms leading to secondary caspase
activation and reactivation. Following in vivo treatment with minocycline, we report

reduced de-compartmentalization of cytochrome c and Smac/DIABLO, together with

increased ratio of XIAP to Smac/DIABLO. These combined actions concur to
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modulate the functional activity of caspases at three different levels: reducing the

mitochondria-mediated activation of caspase-9, promoting the inhibition of activated

caspases and preventing the reactivation of dormant caspases.

Therefore, the effects achieved with in vivo administration of minocycline
effectively cooperate to keep in check the level of caspase activity in the heart,

raising the point of commitment in ischaemic/reperfused cardiac myocytes.

Since this comprehensive action of caspase modulation is not dependent on a
direct inhibition of caspase activity (Chen et al, 2000), clinical use of minocycline is

not limited by the potential toxic effects of other conventional caspase inhibitors due
to abrogation of normal homeostatic apoptosis in the human adult. Owing to this,
minocycline could be valuable in acute but also in chronic clinical settings, where it

may provide important synergism with conventional cardioprotective agents in
counteracting the occurrence and the progression of myocyte cell loss. Pre- and

post-ischaemic administration of minocycline, for instance, might be successfully
performed to prevent or lower the cardiac dysfunction, which often occurs in patients
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exposed

to

an

iatrogenic

ischaemia/reperfusion

injury,

such

as

coronary

angioplasties and cardiac surgery.

Additionally, given its long term safety and oral bioavailability, the long-term

treatment with minocycline, as adjuncts to established therapeutic means, may be a
suitable option to delay the progression of chronic cardiovascular conditions, such as

heart failure and cardiomyopaties, where the progressive cardiac cell loss is the
ultimate mechanism accounting for cardiac dysfunction.
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Figure 5.1a - Proportion of necrotic and apoptotic cell deatti in primary
cultures of neonatal cardiac myocytes maintained normoxic for 24 tiours
(Ctrl) or exposed to 4 hours of hypoxia followed by 16 hours of
reoxygenation, with or without (Ctrl l/R) treatment with minocycline (MNC),
at the dose of 0.02 pM. M NC was added to cultured myocytes 0, 1 , 2 , 4
and 24 hours prior to the hypoxic injury or at the point of reoxygenation.
Values are averages of three independent experiments ±SD. ^p<0.001 vs
Ctrl; *p>0.05; **p<0.05; ***p<0.001 vs Ctrl l/R .
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Figure 5.1b - Proportion of necrotic and apoptotic cell death in primary
cultures of adult cardiac myocytes maintained normoxic for 24 hours
(Ctrl), or exposed to 4 hours of hypoxia followed by 16 hours of
reoxygenation, with or without (Ctrl l/R) treatment with minocycline (MNC),
at the dose of 0.02 pM. MNC was added to cultured myocytes 0, 1 , 2 , 4
and 24 hours prior to the hypoxic injury or at the point of reoxygenation.
Values are averages of three independent experiments ±SD. ^p<0.001 vs
Ctrl; *p>0.05; **p<0.05; ***p<0.001 vs Ctrl l/R.
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Figure 5.2a - Mechanical function of the isolated rat heart during
ischaemia/reperfusion (l/R). The changes in developed pressure (DP) and
diastolic pressure (dP) induced by l/R in control heart are illustrated.
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Figure 5.2b - Changes in developed pressure (DP) and diastolic
pressure (dP) induced by minocycline administered ex vivo to the isolated
rat heart exposed to ischaemia/reperfusion (l/R).
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Figure 5.2c - Changes in developed pressure (DP) and diastolic pressure
(dP) induced by in vivo treatment with minocycline in the isolated rat heart
exposed to ischaemia/reperfusion (l/R).
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Figure 5.3a - Infarct size expressed as a percentage of myocardial risk
zone in ischaemic/reperfused control hearts and hearts exposed to
ischaemia/reperfusion (l/R), following either ex vivo or in vivo treatment
with minocycline. *p<0.001.
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Figure 5.3b - Post-ischaemic release of creatine phosphokinase (CPK) in
ischaemic/reperfused
control
hearts
and
hearts
exposed
to
ischaemia/reperfusion (l/R), following either ex vivo or in vivo treatment
with minocycline.
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Percentages of TU N EL (panel c) and cleaved active
caspase-3 (C3) (panel d) positive endothelial cells (EC) and cardiac
myocytes (CM) in control hearts exposed (Control l/R) or unexposed
(Control) to ischaemia/reperfusion (l/R), and in ischaemic/reperfused
hearts pretreated with minocycline, either ex wVo or in vivo. Values are
averages of three independent experiments ±SD. ^p<0.001 vs Control;
***p<0.001 vs Control l/R.
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Figure 5.4 - Myocardial sections from control hearts stained by TUNEL
method and propidium iodide (panel a/b). TUNEL positive cells appear
yellow when propidium iodide is used to counterstain all nuclei. Nonapoptotic nuclei remain orange. Control hearts exhibit no yellow TUNEL
positive cells. Original magnification: x400.
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F ig ure 5.4 - Section from ischaemic/reperfused control heart, stained by TUNEL and anti-desmin antibody (panel c).
TUNEL positivity is consistently observed in cardiac myocytes, whose cellular body shows a red banding, as identified
with the anti-desmin antibody. In control hearts exposed to ischaemia/reperfusion, TUNEL positive staining is also
detected in endothelial cells (panel e), recognizable by the positive labeling for the anti-von Willebrand antibody (panel
d). In vivo treatment with minocycline significantly reduces the magnitude of apoptosis both in cardiac myocytes (panel
f) and endothelial cells (panel h), as identified by use of anti-desmin (panel f) and anti-von Willebrand (panel g)
antibodies respectively. Panels d/e/g/h are co-stained with propidium iodide. Original magnification: x400.
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F ig u re 5.5 - Reverse transcriptase/polymerase chain reaction of
procaspase-1, -3, -7, -8, -9, -12, XIAP and Smac/DIABLO RNA levels in
cardiac
tissues
from
hearts,
exposed
and
unexposed
to
ischaemia/reperfusion (l/R), with or without in vivo treatment with
minocycline. Cyclophillin was used as internal control.
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F ig u re 5.6 - W estern blots of procaspase-1, -3, -7, -8, -9, -12, XIAP and
Smac/DIABLO protein levels in cardiac tissues from hearts, exposed and
unexposed to ischaemia/reperfusion (l/R), with or without in vivo treatment
with minocycline. Actin was used as internal control.
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Figure 5.7 - Caspase-3, -7, -8 and -9 enzymatic activity in whole tissue
extracts from control hearts unexposed to ischaemia/reperfusion and
hearts made ischaemic and reperfused with or without in vivo treatment
with minocycline. Fold-increase in caspase activity was determined by
comparing fluorescence of AFC in control and treated hearts with buffer
perfused control. Data are expressed as mean ±SD. ***p<0.001 vs control
hearts.
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F ig ure 5.8 - Expression levels of cytochrome c and Smac/DIABLO
proteins in mitochondrial and cytosolic fractions from control hearts
exposed or unexposed to ischaemia/reperfusion, with or without in vivo
treatment with minocycline. HSP60 and actin were used as internal
controls for the mitochondrial and cytosolic fractions respectively.
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CHAPTER 6
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RESULTS

UROCORTIN

PROMOTES

HEMODYNAMIC

AND

BiOENERGETIC

RECOVERY AND IMPROVES CELL SURVIVAL IN THE ISOLATED RAT HEART
EXPOSED TO ISCHEMIA/REPERFUSION

SECTION 1

6.1 INTRODUCTION

Myocardial ischaemia/reperfusion triggers a cascade of key pathogenetic
cellular events such as massive influx of calcium, mitochondrial damage and rapid
depletion of high energy stores, leading to both necrotic and apoptotic cell death
(Chapter 1, Section 7). In addition, the mechanical efficiency of the heart is
compromised, with a fall in developed pressure and progressive increases of
diastolic pressure throughout ischaemia and reperfusion. The degree of myocyte
death and the severity of the hemodynamic consequences are major determinants of
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the clinical outcome of ischaemia/reperfusion, and therapies for myocardial infarction
must both improve cell survival and promote mechanical recovery.

Urocortin is a 40 amino acid member of the Corticotropin Releasing Hormone
family, initially characterised in rat brain {Vaughan et al, 1995). Subsequently,
urocortin expression has also been described in a number of other sites including the
placenta (Petraglia et al, 1996), the immune system (Kageyama et al, 1999), the
gastrointestinal tract (Oki et al, 1998) and the cardiovascular system (Okosi et al,
1998). Urocortin and other members of the Corticotropin Releasing Hormone family
exert their physiological effects through binding to two G-protein coupled receptors
(Corticotropin Releasing Hormone Receptor 1 and Corticotropin Releasing Hormone
Receptor 2), both of which can be expressed in alternatively spliced forms.

Corticotropin Releasing Hormone Receptor 2 has at least 10 fold higher
affinity for urocortin than for Corticotropin Releasing Hormone, and is the only
Corticotropin Releasing Hormone receptor found in the heart (Chen et al, 1993;
Lovenberg et al, 1995). This coexpression in the heart of Corticotropin Releasing
Hormone Receptor 2 together with its preferred urocortin ligand suggests that
cardiac urocortin may exert autocrine/paracrine physiological effects on the heart.
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Several studies have indeed shown effects of exogenously administered
Corticotropin Releasing Hormone-like peptides on cardiac function, although these

may depend on the route of administration. For example, heart rate, cardiac output
and mean arterial pressure are increased when Corticotropin Releasing Hormone is

given into the cerebral ventricles (Grosskreutz and Brody, 1998; Brown and Fisher,
1983; May et al, 1991), although mean arterial pressure is decreased by intravenous
injection (Overton and Fisher, 1991; Hermus et al, 1987). In contrast, intravenous
injection of urocortin into conscious sheep increases mean arterial pressure, together
with heart rate, cardiac output and coronary blood flow (Parkes et al, 1997).
However, since both Corticotropin Releasing Hormone (Tojo et al, 1996) and
urocortin (Ikeda et al, 1998) have been shown to stimulate Atrial Natriuretic Peptide
release from cultured neonatal rat cardiac myocytes, some of their physiological
effects may be indirect. In contrast, urocortin perfused through the isolated rat heart

has a coronary vasodilator effect and enhances left ventricular pressure (Terui et al,

2001), and this effect must be Atrial Natriuretic Peptide-independent. In agreement

with the presumed role of Corticotropin Releasing Hormone Receptor 2 in mediating

the effects of urocortin on the heart, intravenous urocortin does not affect cardiac
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function in Corticotropin Releasing Hormone Receptor 2 knockout mice (Coste et al,

2000 ).

We have previously reported that exposure of cultured neonatal cardiac

myocytes to ischaemia/reperfusion increased urocortin mRNA abundance and

release of urocortin peptide (Brar, Stephanou et al, 1999). Addition of exogenous
urocortin

reduced

necrotic

and

apoptotic

myocyte

death

after

simulated

ischaemia/reperfusion in cultured cardiac myocytes, and also reduced infarct size in
the Langendorff perfused heart exposed to ischaemia/reperfusion, even when
addition of the peptide was delayed until the onset of reperfusion (Brar et al, 1999).

In the present study, we have examined these cytoprotective effects in more
detail, and asked whether the beneficial effects of urocortin on myocyte survival are
associated with an equally marked improvement in functional recovery. The isolated

heart has been preferred as it allows assessment of the direct cardioprotective

effects of urocortin in the absence of interfering peripheral hemodynamic and
neurohumoral alterations. Our data show that urocortin exerts a cytoprotective
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action, which is independent from a negative inotropic effect and is associated with
both recovery of cardiac performance and reduced depletion of endogenous highenergy phosphates.
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SECTION 2

6.2 MATERIALS AND METHODS

6.2.1 ANIMAL MODEL

Animal work was kindly performed by Dr. Evasio Pasini as part of a
collaborative study with the Cardiovascular Pathophysiology Research Centre, S.
Maugeri Foundation IRCCS, Italy.

Male Sprague-Dawley rats weighing 300350g were anesthetized by sodium
pentobarbital (6 mg kg^ administered intraperitoneally) and sacrificed by decapitation.

The hearts were removed, immersed in an ice-cold modified Krebs-Hensleit buffer
solution and subsequently perfused by the non-recirculating Langendorff technique at

a constant flow of 11 ml/min as previously described (Chapter 2). The heart rate was
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continuously maintained at 300 bpm by electrical pacing and the left ventricular wall

was kept at the steady temperature of 37°C.

After a period of stabilization of at least 30 minutes, the isolated hearts were

randomly divided into 6 groups of 6 hearts each. Group A (ischaemia/reperfusion
control) and 3 treated groups (B, C and D) were continuously perfused for 60 mins,

made globally ischaemic for 35 minutes and reperfused for 60 minute. Treated
hearts were then perfused with urocortin dissolved in the perfusate at the dose of 10
®M either 60 mins before ischaemia alone (group B) or 60 mins before ischaemia and
during reperfusion (group C) or during reperfusion alone (group D). Finally, two other
groups (E and F) were simply perfused for two hours either with buffer solution or
urocortin (lO^IVI).

6.1.2 LEFT VENTRICULAR PRESSURE

To obtain an isovolumetrically beating preparation, a latex balloon filled with

saline, connected by a catheter to a Statham transducer (P 23 XL), was inserted into
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the left ventricle through an atriotomy and secured by a suture around the

atrioventricular groove. The balloon was inflated to provide an end-diastolic pressure
<1.0 mm Hg (20).

6.1.3

ASSAY OF CREATINE PHOSPHOKINASE IN THE CORONARY

EFFLUENT

During each perfusion, the coronary effluent was collected at different time
points in chilled glass vials and promptly assayed for creatine phosphokinase activity
by spectrophotometry, as previously reported (Oliver, 1995).

6.1.4 ASSAY OF HIGH-ENERGY PHOSPHATES

After each perfusion, the hearts were freeze-clamped with aluminum j tongs

pre-cooled in liquid nitrogen. Separation and quantification of ATP and creatine

phosphate were performed in ventricular tissue extracts by using a reversed-phase 3-

pm 018 column, as previously described (Bernocchi et al, 1994).
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6.1.5

CASPASE-3

ACTIVITY

MEASUREMENT

(DEVD

CLEAVAGE

ENZYME ASSAY)

The evaluation in cardiac tissues of caspase activity was kindly performed by
Dr. Anastasis Stephanou, Institute of Child Health, University College London.

Cardiac activation of caspase-3 was assessed in tissue extracts using a
commercial kit (Caspase-3/CPP32 Fluorometric Assay Kit, Biovision; Mountain View,
CA, USA) with the following changes to the recommended protocol. Cardiac
ventricular tissue from each group was placed in ice-cold lysis buffer and

subsequently homogenized. The homogenates were centrifuged at 750 x g for 5
mins at 4° C. Supernatants were then centrifuged at 10000 x g for 15 mins at 4° C.
Enzyme reactions were performed with -3 0 0 ^g of cytosolic proteins per assay and
a final concentration of 50 jiM DEVD-AFC. Samples were read in a fluorimeter

equipped with a 400-nm excitation and a 505-nm emission filter. Fold-increase in

caspase-3 activity was determined by comparing fluorescence of AFC in control and

treated hearts with buffer solution perfused control.
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6.1.6 PREPARATION AND STAINING OF SECTIONS

Serial 5 fim sections were cut from paraffin blocks and, after dewaxing and
heat-mediated antigen retrieval, stained with TUNEL reagents and propidium iodide. In

other sections, TUNEL staining was combined with anti-desmin or -von Willebrand
factor antibodies, to selectively identify cardiac myocytes and endothelial cells
respectively. After washing, slides were mounted and examined by confocal
fluorescent microscopy. Data are expressed as the means of 12-15 high power fields
+/-SD.

6.1.7 STATISTICS

Significance was evaluated using the AN OVA test: p values <0.05 were
considered significant. Differences amongst means were compared within treatment

groups using Student’s t test.
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With specific regard to hemodynamic assessment, analysis of covariance
(ANCOVA), with time as the covariate and post-hoc analyses were used to test the
principal component with contrast The Bonferroni correction was then applied and p
values < 0.05 were considered significant.
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SECTION 3

RESULTS

6.3.1 MECHANICAL FUNCTION

Developed pressure and diastolic pressure in control and treated hearts
exposed to ischaemia/reperfusion are shown in Fig. 6.1. Untreated hearts showed a
constant developed pressure (103.3+/-9.8 mm Hg), with no change in diastolic
pressure during stabilisation and aerobic perfusion (Fig. 6.1a).

Abolition of the coronary flow caused a rapid decline in developed pressure.

Diastolic pressure started to rise 10 mins after ischaemia (27.7+/- 8.2 mm Hg) and
progressively increased during the ischaemic phase, reaching 30.7+/-5.3 mm Hg at

the end of ischaemia. With restoration of coronary flow, diastolic pressure was
further augmented. After 5 mins reperfusion, it reached a peak of 55.7+/-12.1 mm

Hg and then slowly decreased to 51.0+/-11.3 mm Hg at the completion of
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reperfusion. In addition, the ischaemia/reperfusion control group showed only limited
recovery of developed pressure, which increased to 64.5+/-S.3 mm Hg by the end of

reperfusion (Fig.6.1a).

Administration of urocortin during aerobic perfusion had no effect on the

hemodynamics of isolated hearts, apart from a transient, non-significant increase in
developed

pressure

during

the

first

phase

of

infusion

(p>00.5

vs

ischaemia/reperfusion control; Fig. 6.1b).

However, in the hearts treated with urocortin before ischaemia alone (Fig.
6.1b) as well as before ischaemia and during reperfusion (Fig. 6.1c), urocortin

significantly reduced the progressive rise of diastolic pressure observed during
ischaemia (14.3+/-3.2 and 13.5+/-3.2 mm Hg in groups B and C respectively after

30 mins ischaemia: p<0.05 vs ischaemia/reperfusion control), and in both groups,

recovery of diastolic pressure after reperfusion was complete.
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In the same groups (B and C, Fig. 6.1b and c), urocortin produced a rapid
recovery of developed pressure, which began after only 1 min of reperfusion

(44.0+/-6.9 and 52.B+/-7.2 mm Hg respectively: p<0.01 vs ischaemia/reperfusion
control), and which progressively improved with partial (group B) and complete (group

C) normalisation (86.0+/-7.9 and 110.4+/-12.8 mm Hg respectively: p<0.01 vs
ischaemia/reperfusion control) at the end of reperfusion.

Isolated hearts from group D, treated with urocortin only during reperfusion
(Fig. 6 .Id), also showed a significantly improved post-ischaemic developed pressure
recovery (82.3-n/-8.3 mm Hg: p<0.01 at the end of reperfusion) with progressively
diminishing diastolic pressure values over the length of reperfusion (29.1+/-5.3 at 10
mins: p<0.05 vs ischaemia/reperfusion control and 25.3-H/-4.1 at 60 mins: p<0.01
vs ischaemia/reperfusion control).

Hence, urocortin has no effect on developed pressure and diastolic pressure

in control perfused hearts, but reduces the fall in developed pressure and the
increase in diastolic pressure produced by ischaemia when given prior to arterial
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ligation. Pre- and post-ischaemic treatment with urocortin produces complete

recovery of diastolic pressure and developed pressure, whilst pre-ischaemic

treatment only results in normalization of diastolic pressure and partial restoration of

developed pressure, during reperfusion. Progressive but partial recovery of both

diastolic pressure and developed pressure is also seen when urocortin is only given
after restoration of the flow.

6.3.2 CREATINE PHOSPHOKINASE RELEASE

Fig. 6.2a shows the effects of Urocortin on reperfusion-induced release of

creatine phosphokinase, a typical index of cell damage.

During the aerobic pre-ischemic period, only small amounts of creatine
phosphokinase were released. Urocortin did not affect the release curve of the

enzyme. In control hearts exposed to ischaemia/reperfusion, reperfusion resulted in

marked and sustained release of creatine phosphokinase, which peaked at 30 mins
from the restoration of flow (1785+88

at 30 mins reperfusion).

Urocortin
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administered both 60 mins before ischaemia alone and before ischaemia and during

reperfusion significantly attenuated the cardiac creatine phosphokinase release

(620+46

and 510+43

after 30 mins reperfusion respectively;

p<0.001

vs

ischaemia/reperfusion control). Consistent with the hemodynamic findings, the

release of creatine phosphokinase into the coronary flow was reduced even when
urocortin treatment was performed only during reperfusion (1005+56; p<0.05 vs
ischaemia/reperfusion control).

Therefore, urocortin given before ischaemia alone, before ischaemia and
during reperfusion, and during reperfusion alone, significantly reduces creatine
phosphokinase release during the reperfusion phase.

6.3.3 ATP AND CREATINE PHOSPHATE TISSUE RESERVES

The cardiac levels of ATP and creatine phosphate assessed after 2 hours of

aerobic buffer perfusion are reported in Fig. 6.2b.
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The infusion of urocortin over the aerobic phase did not modify the reservoir

of both

high-energy molecules.

In ischaemic-reperfused

control

hearts,

the

endogenous stores of ATP and creatine phosphate, evaluated at the end of
ischaemia, showed a dramatic decline (5.4+0.9 and 4.95+0.7 respectively) that

reperfusion failed to normalize (6.6±1.3 and 6.3+1.1 respectively).

Pre-ischaemic infusion of urocortin reduced the tissue drop of ATP and
creatine phosphate levels measured both at the end of ischaemia (12.5+2.2 and
11.6+1.8 respectively: p<0.01 vs ischaemia/reperfusion control) and reperfusion
(13.4+2.4 and 18.7+3.5 respectively; p<0.001 vs ischaemia/reperfusion control).

ATP and creatine phosphate contents were maximally preserved in hearts receiving
urocortin both before ischaemia and after reperfusion (16.2+2.8 and 25.5+4.3

respectively; p<0.001 vs ischaemia/reperfusion control). The administration of
urocortin only during reperfusion resulted in a small recovery of tissue ATP and

creatine phosphate contents, which failed to reach statistical significance (7.9 ± 1 .8

and 7.1+1.5 respectively; p>0.05).
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Hence, urocortin administered before ischaemia alone and before ischaemia
and during reperfusion, partially restore ATP and creatine phosphate tissue levels
both after ischaemia and reperfusion. Urocortin given only during reperfusion has no
significant effect on tissue reserves of both high-energy molecules measured after
reperfusion.

6.3.4 EVALUATION OF CASPASE-3 ACTIVITY IN TISSUE EXTRACTS

Apoptosis is one form of cell death following ischaemia/reperfusion injury, and
is mediated through sequential activation of the caspase cascade. Caspase-3 is one
of the terminal effector caspases that cleaves substrates important for cell survival,
and the level of caspase-3 activity is therefore an important marker of the level of
apoptosis. We therefore used an enzymatic assay to measure the activity of caspase3 at the end of reperfusion in each of the treatment groups (Fig. 6.2c). We also

employed an antibody specific for active, cleaved caspase-3 to evaluate the total
number of endothelial cells and cardiac myocytes that contained active caspase-3

(Fig. 6.2c). The number of positive cells is expressed as the mean of 15 neighbouring
high power fields.
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Caspase-3 activity, and the number of active caspase-3 positive cells, were
maximally reduced when urocortin was given pre-ischaemia and before ischaemia and
during reperfusion (p<0.01 vs buffer perfused control). A significant (p<0.05)

reduction in both enzyme activity and active caspase-3 positive cells was still
observed even when urocortin was administered only during reperfusion.

6.3.5 ASSESSMENT OF APOPTOSIS BY TUNEL

TUNEL is a commonly used method for detecting the oligonucleosomal DNA
fragmentation characteristic of end stage apoptotic cells. We have previously shown
that cells positive for active caspase-3 colocalise with TUNEL positive cells (Chapter

3). Fig. 6.2d shows the numbers of active caspase-3 and TUNEL positive endothelial

cells and cardiac myocytes in the different treatment groups.

In agreement with our previous study (Chapter 3), more endothelial cells than

cardiac myocytes show evidence of apoptosis after ischaemia/reperfusion as
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assessed by both techniques. Pre-ischemic treatment with urocortin produced a

highly significant reduction in these markers of apoptotic cell death in both cell types
(groups D and E: p<0.001 vs ischaemia/reperfusion control). Though less profound,

the reduction in apoptosis when urocortin was only given during reperfusion remained

significant (group E: p<0.05 vs ischaemia/reperfusion control).
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SECTION 4

6.4.1 DISCUSSION

This study shows that administration of the endogenous cardiac peptide,
urocortin, at a dose of 10^ M, reduces necrotic and apoptotic cell death in the
isolated rat heart exposed to ischaemia/reperfusion, and in parallel partially prevents
depletion of cellular energy stores with enhancement of ventricular function. These
beneficial effects, apart from the preservation of myocardial high-energy reservoirs,
are still seen when urocortin perfusion is performed only during reperfusion,

suggesting that urocortin may have therapeutic potential in the management of
myocardial infarction.

An earlier report, carried out in the in vivo experimental setting, has recently

shown a reduction of infarted area following pretreatment with urocortin (Schulman
et al, 2002).
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In our study, we have intentionally used the isolated paced rat heart exposed

to zero flow ischemia in order to assess the direct effects of urocortin on the heart
without the influence of secondary peripheral effects of the peptide. Developed

pressure and diastolic pressure are commonly used methods for assessing cardiac
dysfunction following ischaemia/reperfusion injury (Dhalla et al, 1999) and for

evaluating the efficacy of candidate cardioprotective agents (Inagaki et al, 2000).
With untreated ischaemia/reperfusion injury, the hearts are in failure after 60 mins
reperfusion with elevated diastolic pressure (>50 mmHg) and poor recovery of
developed pressure.

At the 10"® M concentration used, urocortin did not show a significant inotropic
effect when given before ischaemia during the aerobic period. Pre-ischaemic

treatment with urocortin reduced the rise in diastolic pressure during the ischaemic
phase, with complete recovery by the end of reperfusion. Developed pressure,

although not fully normalised at the conclusion of reperfusion, was significantly

improved compared to untreated control ischaemia/reperfusion hearts.
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Urocortin treatment pre-ischaemia and during reperfusion produced complete

normalisation of both developed pressure and diastolic pressure. Moreover, when
urocortin administration is delayed until reperfusion, significant recovery of both

developed pressure and diastolic pressure was still produced. Since the progressive
decrease in diastolic compliance during ischaemia has previously been shown to be
associated with a steady increase in free intracellular calcium (Nayler et al, 1987),
one

effect

of

urocortin

may

be to

maintain

calcium

homeostasis

during

ischaemia/reperfusion.

The degree of cardiac dysfunction following ischaemia/reperfusion injury

reflects the level of myocyte injury and death. Consistent with our previous findings
that urocortin given both before and after a simulated ischaemic insult in the intact rat
heart reduced infarct size (Brar et al, 1999), in the present study urocortin reduced

both creatine phosphokinase release and the numbers of apoptotic cells. Significant

effects on both necrosis and apoptosis were still produced when urocortin was only
administered during reperfusion. We have previously shown that endothelial cell

272
apoptosis precedes and is greater than that of myocytes (Chapter 3). Urocortin

administration pre-ischaemia, pre-ischaemia and during reperfusion and during

reperfusion alone, significantly reduces activation of the effector caspase, caspase-3,
as well as oligonucleosomal DNA fragmentation, in both endothelial cells and cardiac

myocytes.

Cell death following injury, and the form that it takes, is largely dependent on
levels of intracellular ATP and other high-energy phosphates (Leist et al, 1997). For
example, viable cells have an ADP:ATP ratio of <0.11, apoptotic cells a ratio of
between 0.11 and 1.0 and necrotic cells a ratio of up to 15 (Bradbury et al, 2000).
The urocortin-induced recovery of ATP stores, with reduction of the intracellular
ADP:ATP ratio, might allow damaged myocytes that would otherwise die by necrosis
to die by the alternative apoptotic pathway. Since necrosis, unlike apoptosis, is

associated with release of intracellular contents and subsequent inflammatory

reaction, reduction in the proportion of necrotic death will result in a smaller final

lesion, with functional benefit. The reduction in CPK release produced by urocortin
treatment (Fig. 6.2a) would be consistent with this interpretation.

Similarly,

273
restoration of ATP in damaged cells predisposed to apoptosis may allow them to

remain viable, again consistent with the data in Figs. 6.2c/d.

One critical role for ATP is in the cytochrome c-mediated formation of Apaf-

l/procaspase-9 complexes which results in the activation of the initiator caspase-9
following mitochondrial injury (Li et al, 1997), and we have previously shown that

caspase-9 is the only initiator caspase activated in hypoxic neonatal cardiac
myocytes (Stephanou et al, 2001). The partial restoration of ATP and creatine
phosphate levels at the end of both ischaemia and reperfusion suggests that
urocortin acts on mitochondria to maintain the respiratory transport chain, thus

preventing mitochondrial injury.

The data reported here have several important implications. Firstly, since

urocortin is an endogenous cardiac peptide, basal levels of urocortin may determine
the degree of cell loss and functional compromise in individual patients suffering

myocardial infarction. Secondly, since endogenous levels of urocortin are increased

by ischaemia/reperfusion injury (Okosi et al, 1998), raised basal levels of urocortin
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may play a role in the preconditioning effect. Finally, the fact that urocortin improves
both cell survival and ventricular performance even when only given during

reperfusion suggests that urocortin may be clinically useful in the management of
established infarction. A previous report has described hypertrophic effects of

urocortin in primary cultures of neonatal as well as adult cardiac myocytes (Railson et
al, 2002). Cardiac hypertrophy, which starts as a mechanism of cardiac adaptation to

an overload of volume or pressure, is associated with increased myocardial oxygen
consumption, which creates a latent ischaemic status, and may result in progressive
connective degeneration of the heart, with subsequent worsening of its performance.
Therefore, further insights ought to be gained in order to exclude or confirm the
concurrency of urocortin-induced hypertrophy in the ex vivo and in vivo settings.
However, as the deterioration of the pump function of the heart secondary to
hypertrophy is a slow process, requiring months or even years to become

established, hence it follows that the short-term clinical utilization of urocortin should

not be burdened with this disadvantage.
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Figure 6.1a - Changes in developed and diastolic pressure in the rat
heart exposed to ischaemia/reperfusion.
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Figure 6.1b—Effects of urocortin infused before ischaemia on developed
and diastolic pressure in the isolated rat heart.
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278

A e ro b ia

O)

Reperfusion

Is c h a e m ia

Ucn 10 ® M

o 100

50

0
-60 -30

0

5

10

20

30

1

3

5

10

30

60

Time (minutes)
DP

-m —

dP

Figure 6.1 d - Effects of urocortin infused over reperfusion alone on
developed and diastolic pressure in the isolated rat heart.
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Figure 6.2b - Effects of urocortin on A TP (green) and creatine phosphate
(CP) (orange) levels at the end of ischaemia (end I) and at the end of
reperfusion (end R) when given before ischaemia (Ucn pre-l), before
ischaemia and during reperfusion (Ucn l/R) and only over reperfusion
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levels of caspase-3 activity (orange line) in the various treatment groups.
The assessments were performed in non-ischaemic control hearts bufferperfused with (P+Ucn) or without (P only) urocortin (P standing for
pretreatment), as well as in hearts exposed to ischaemia/reperfusion
(control) and treated with urocortin (10'® M) before ischaemia (Ucn pre-l),
both before and after ischaemia (Ucn l/R) and during reperfusion alone
(Ucn R).
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CHAPTER 7

284

RESULTS

WARM BLOOD CARDIOPLEGIA INDUCES MITOCHONDRIAL-INITIATED
CARDIOMYOCYTE APOPTOSIS WHICH MAY BE AMELIORATED BY ENHANCED
EXPRESSION OF ENDOGENOUS UROCORTIN

SECTION 1

7.1 INTRODUCTION

During cardiopulmonary bypass, the cardioplegic arrest and subsequent
reperfusion inevitably expose the heart to an iatrogenic ischaemia/reperfusion injury.
Although different cardioplegic techniques (crystalloid, cold and warm blood
cardioplegia) have been developed to prevent this injury (Mauney and Kron, 1995) the
protection given to the heart by cardioplegia is often inadequate, especially for
surgical procedures requiring prolonged cardiac arrest Previous reports have shown
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for instance that both crystalloid (Aebert et al, 2000) and cold blood cardioplegia
(Chen et al, 2001; Rainio et al, 1998) induce functional and ultrastructural changes in

cardiac myocytes and the coronary circulation. No corresponding data is yet

available concerning warm blood cardioplegia (Lichtenstein et al, 1989), which

nowadays seems to be the most effective technique of intraoperative myocardial
protection (Salerno et al, 1991).

Apoptotic cell death has been implicated in the pathogenesis of several
cardiovascular diseases, including ischaemia/reperfusion injury (Haunstetter et al,
1998). However, although apoptosis has been extensively proposed as one

mechanism sustaining the loss of ischaemic/reperfused myocytes, no definitive
evidence has been provided so far about the occurrence and the contribution of
apoptosis to the iatrogenic ischaemia/reperfusion injury associated with on-pump

cardiac surgery.

The apoptotic process is mediated by activation of a cascade of proteases
(caspases), which are normally present as inactive zymogens, and which cleave
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substrates essential for the maintenance of cellular integrity. This proteolytic cascade
can be initiated in two ways (Section 4 and Section 5, Chapter 1). Mitochondrial

damage results in activation of the apical caspase-9, whereas ligation of a death

receptor such as Fas leads to activation of caspase-8. These two upstream caspases

subsequently activate downstream effector caspases such as caspase-3 and
caspase-7. We have previously described that, in the isolated perfused rat heart

exposed to ischaemia/reperfusion, apoptosis of endothelial cells, which precedes
that of myocyte (Chapter 3), is initiated solely by caspase-9 activation, whilst myocyte
apoptosis involves activation of both signalling pathways (Chapter 4). Although
processing of both caspase-9 and caspase-8 has also been described in the failing
human myocardium (Scheubel et al, 2002), the relative contribution of the
aforementioned signalling pathways to any cardioplegia-associated apoptosis in man
is currently unknown.

Several molecules have also been shown to inhibit cardiac apoptosis. One

inhibitor, urocortin, is a 40 amino acid member of the Corticotropin Releasing Factor

family (Vaughan et al, 1995), and is endogenously expressed in the human heart
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(Nishikimi et al, 2000). As previously reported (Chapter 5), there are two types of
receptor for this family of peptides, Corticotropin Releasing Factor Receptor 1 and
Corticotropin Releasing Factor Receptor 2, with the latter showing at least 10 fold
higher affinity for urocortin. Corticotropin Releasing Factor Receptor 1 mRNA

expression in the human heart either is not observed or is very weak (Kimura et al,

2002). Amongst the 3 different splicing isoforms (Corticotropin Releasing Factor
Receptor 2a, Corticotropin Releasing Factor Receptor 2p and Corticotropin Releasing
Factor Receptor 2y) of Corticotropin Releasing Factor Receptor 2, only Corticotropin
Releasing Factor Receptor 2a is reported to be consistently expressed in the human
heart (Kimura et al, 2002; Kostich et al, 1998), although a weak and inconstant
expression of Corticotropin Releasing Factor Receptor 2p mRNA has been observed
in the left atrium (Kimura et al, 2002). The coexpression of urocortin and its cognate
receptor in cardiac myocytes, suggests that endogenous urocortin may exert

autocrine/paracrine effects on the normal and diseased human heart.

Biologically active urocortin, for instance, is released from isolated myocytes
exposed to simulated ischaemia and confers to the culture medium cardioprotective
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properties, which are abrogated by Corticotropin

Releasing Factor receptor

antagonists (Brar et al, 1999). In addition, as previously exposed in Chapter 5,

cardioprotection associated with improved hemodynamic and bioenergetic recovery

has been also observed following infusion of exogenous urocortin in the isolated rat

heart exposed to ischaemia/reperfusion injury.

This background encouraged us to evaluate the occurrence of apoptosis and
the relative contribution of its signalling pathways in human myocytes from patients
exposed to cardiopulmonary bypass, warm blood cardioplegia, and subsequent
reperfusion.

Furthermore,

we

investigated

whether

the

above

surgical

ischaemia/reperfusion injury modifies the cardiac expression of urocortin, as well as
its potential involvement as a salvage mechanism.

Our study shows for the first time that warm blood cardioplegia induces

apoptotic cell death in cardiac myocytes. This myocyte apoptosis, which was shown

to involve colocalisation between TUNEL and caspase-3 positive staining, appears to

be mainly sustained

by the mitochondrial caspase-9-mediated

pathway. We
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demonstrate moreover that urocortin expression is increased only in those myocytes
that are not apoptotic, suggesting that endogenous urocortin can also protect the
human myocardium from ischaemia/reperfusion injury.

290

SECTION 2

7.2 MATERIALS AND METHODS

7.2.1 PATIENT POPULATION

The study, which was carried our in collaboration with the Cardiovascular Surgery

Department, S. Rocco Hospital, Ome, Italy, was approved by the Institutional Ethics
Committee of S. Rocco Hospital, Ome, Italy (06/02 CE), and all patients selected gave

informed consent prior to enrolment. Twenty-four patients, 11 female and 13 male,

admitted for elective on-pump coronary artery bypass graft (CABG) surgery were

classified into two groups (A and B), based on the duration of the cardioplegic arrest (see

Table 1). Aortic cross-clamping time ranged from 40 to 55 minutes (mean: 48±6 minutes

±SD) for group A (12 patients), and from 85 to 100 minutes (mean: 91 ±8 minutes ±SD)
for group B (12 patients) (Table 1).
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Exclusion criteria for the study were:

a. symptoms of angina pectoris and/or heart failure in the week
preceding the operation
b. reduced ejection fraction
c. enlargement or hypertrophy of cardiac chambers
d. concomitant valvular diseases
e. arrhythmias
f.

metabolic disorders and

g. concomitant liver, pulmonary, or kidney diseases.

All the patients were receiving calcium channel blockers and p-blockers, which
were discontinued, together with all other medication, two days prior to surgery. The
enrolled patients underwent multiple isolated aortocoronary bypass grafts with
internal mammary arteries and saphenous veins.
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7.2.2 SURGICAL PROCEDURE

Anaesthesia was administered to

all patients

by Dr.

Gianna Ferrari,

Cardiovascular Surgery Department, S. Rocco Hospital, Ome, Italy.

Anaesthesia and muscle relaxation was induced with propofol (2.0-2.5 mg/kg)

and atracurium (0.08 mg/kg), respectively. Propofol was continuously infused (4-6
mg/kg/h) in order to maintain anesthesia. Ventilation was controlled with 50% 0^ in
air. All surgical procedures were performed by the same expert cardiac surgeon, Dr.
Mario Ferrari, chief of the Cardiovascular Surgery Department, S. Rocco Hospital,

Ome, Italy.

After median sternotomy, the aorta and the inferior vena cava, were cannulated

and heparin (3 pg/Kg) was administered. Cardiopulmonary bypass (CPB) was conducted
with non-pulsatile flow at a rate of 2.4 l/m in /m \ Following aorta cross clamping,
intermittent antegrade and retrograde warm blood cardioplegia was started.
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Cardioplegia was initiated through the infusion of whole blood (flow rate 300

ml/min) plus 20 mEq/l of

(flow rate 2 ml/h). The cardioplegic solution was injected

at 37 °C for 2 min into the aortic root and then into the coronary sinus. This dose of
cardioplegic solution was injected every 15-20 min. CPB was maintained with
moderate haemodilutioni (haem atocrit 2 4 -2 8 ).

After completion of distal anastomoses, the aortic cross clamp was removed
and the construction of the proximal anastomoses was begun. At the end of the
grafting procedure, protamine (3 ^g/Kg) was injected to reverse the effect of

heparin. Inotropic drugs were not used.

7.2.3 TISSUE SAMPLING

Tissue

sampling was

performed

in all

cases

by Dr.

Cardiovascular Surgery Department, S. Rocco Hospital, Ome, Italy.

Mario Ferrari,
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Two sequential biopsies were obtained from the right atrium by the same

experienced cardiac surgeon. The first was taken as a control sample at the start of

cardiopulmonary bypass, but before cardioplegia. The second was obtained as close
as possible to the site of the previous sampling about ten minutes after the release of

the aortic cross-clamp. No clinical complication derived from the sampling procedure
described above.

Immediately after collection, part of the biopsy material was fixed in 4%
formaldehyde and stored at 4° C for a maximum of 48 hours. The rest of it was
promptly collected in cryovials, snap-frozen in liquid nitrogen and stored at -80°C.

7.2.4 IMMUNOCYTOCHEMISTRY ASSESSMENT

Serial 5 pm sections were cut from paraffin blocks, and after dewaxing and

heat-mediated antigen retrieval, were stained with TUNEL reagents, propidium iodide

and an antibody against the cleaved active form of caspase-3 (Santa Cruz

Biotechnology Inc.), as previously described (Chapter 1). Colocalisation of cleaved
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caspase-3 and TUNEL positive staining was used as marker of myocyte cell

apoptosis.

Other myocardial sections were stained with an antibody recognizing the
cleaved form of caspase-8 or caspase-9 {BioVision) and subsequently counterstained
with propidium iodide.

In another staining reaction, following TUNEL staining, serial myocardial
sections were incubated with an antibody against urocortin or the Kir6.1 cardiac
potassium channel subunit (Santa Cruz Biotechnology Inc.) and, where appropriate,
counterstained with propidium iodide.

After washing and incubation with suitable secondary antibodies (DAKO),

sections were analysed by confocal microscopy. The evaluation was blinded to the
origin and sequence of the specimens. Data are expressed as the means of 12-15

high power fields 4-/-SD.
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7.2.5 WESTERN BLOTTING

Western Blot analysis was kindly performed by Dr Anastasis Stephanou,

Institute of Child Health, University College London.

The

evaluation

was

carried

out

on

cardiac

specimens

pre-

and

postcardioplegia from both groups of patients. Ventricular tissue were washed in
sterile phosphate buffered saline (PBS) and harvested in IX RIPA (50mM, Tris, pH8,
150mM NaCI, 0.5% DOC, 0.1% SDS, 1% NP40) containing protease inhibitors.

Protein concentration was determined using a Bradford assay and equal
amounts

(20|ig)

diluted

in gel

loading buffer.

Proteins were

separated

in

polyacrylamide gels of either 10% or 12% and transferred onto Hybond C

membranes (Amersham Pharmacia, UK). The membranes were blocked for 1 hour in
5% non-fat milk (Marvel) in Ix TST (lOmM Tris, 150 mM NaCI, Tween 0.05%).

Blocked membranes were then incubated overnight at 4‘’C with primary antibodies
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recognizing the cleaved active form of either caspase-3 (Santa Cruz Biotechnology)

or caspase-8 or caspase-9 (Biovision).

After application of the appropriate secondary antibody, membranes were

washed in TST and subjected to

enhanced chemi-luminescence (Amersham

Pharmacia International, UK) and visualized using autoradiography.

7.2.6 STATISTICS

Significance was evaluated using the ANOVA test: p values <0.05 were
considered significant.
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SECTION 3

7.3.1 RESULTS

In the control pre-cardioplegic specimens from patients assigned to both
groups, there was no TUNEL staining or processing of any tested caspases
(Fig.7.1a/b). No cleavage of caspase-3, caspase-8 and caspase-9 was also seen in
frozen samples processed by western blotting.

After 40-55 minutes of cardioplegic arrest followed by 10 minutes of
reperfusion (group A), the proportion of TUNEL positive myocytes was 3.3± 0.5%

(p<0.001).

TUNEL and

cleaved

caspase-3

positive

staining was

constantly

colocalized, although not all cells labelled by the anti-active caspase-3 antibody were

TUNEL positive (Fig. 7.1 c/d). In patients from group B exposed to a roughly double
length of cardioplegic arrest followed by 10 minutes of reperfusion, the number of

cardiac myocytes labelled by TUNEL was significantly increased compared to group
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A (5.1+ 0.9%; p<0.001). A significant correlation was observed between the

magnitude of myocyte cell apoptosis and the length of time on bypass.

A parallel rise in the proportion of cardiac myocytes showing activation of
initiator caspases was also observed. By immunocytochemistry, processing of
caspase-9 was more pronounced than that of caspase-8 both in group A and group B
(fig.7.2a/b/c). However, the level of caspase-8 activation was consistently higher in
the hearts from group B, which were exposed to a longer cardioplegia time
compared to group A (see table 2). Similarly, by western blotting, processing of
caspase-3

was

observed

in

all

the

bioptic

samples

exposed

to

cardioplegia/reperfusion. Additionally, in the same specimens cleavage of caspase-9
was more marked than that of caspase-8 (Fig.7.2d).

The basal level of urocortin expression detected in control specimens was

less than 3% in both groups (see table 2). However, cardioplegia followed by

reperfusion greatly enhanced urocortin expression in a time dependent manner. In
tissue samples from group A and group B, 17±2.3% and the 29±3.5% of cardiac
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myocytes respectively exhibited cytoplasmic positive staining for urocortin, with the
increased expression in group B being significantly (p<0.001) greater than in group

A.

Myocytes expressing urocortin at a protein level never showed TUNEL positive
staining, providing evidence that endogenous urocortin effectively protects those
myocytes in which it is produced (Fig.7.3a/b)jCorrespondingly, TUNEL positive
myocytes did not express urocortin. In addition, urocortin positive, TUNEL negative
myocytes were surrounded by a cuff of urocortin negative, TUNEL negative cells
(F ig .7 .3 c/d ). This is, to our knowledge, the first report showing apparent protection by

endogenous urocortin at an individual cellular level.

In specimens from group B only, the myocytes overexpressing urocortin were

also labelled by an antibody specific for the Kir6.1 cardiac potassium channel
subtype. In these samples, urocortin positive cells were surrounded by a cuff of

TUNEL and urocortin negative myocytes, showing enhanced expression of the Kir6.1

cardiac potassium channel subunit (Fig.7.4). Since we previously showed that
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exogenous urocortin enhances the expression of Kir6.1 and potassium channel

blockers abolish urocortin-induced cardioprotection both in cultures of myocytes and

in the intact heart (Lawrence et al, 2002), we believe that the observed
overexpression of Kir6.1 in myocytes unlabelled by TUNEL and urocortin antibody, is

further indirect evidence of the paracrine urocortin-induced cardioprotection.
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SECTION 4

7.4 DISCUSSION

This study demonstrates for the first time that effector caspase activation and
DNA fragmentation are produced in human myocytes following warm blood
cardioplegia, and that the degree of myocardial apoptosis is dependent on the time
of cardioplegic arrest Apoptosis appears to mostly reflect mitochondrial injury since
activation of caspase-9 was predominant over that of caspase-8, irrespective of the
length of cardioplegia. Urocortin expression was increased in human cardioplegic
hearts, and cells expressing urocortin were protected from apoptosis. Moreover,

viable urocortin positive myocytes were surrounded by a ring of urocortin negative
cells, which, however, expressed the urocortin-induced Kir6.1 component of the
channel. This suggests that endogenous urocortin exerts both autocrine and

paracrine protective effects in the human heart.
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Although all TUNEL-positive cells also stained with an antibody recognising the

active form of caspase-3, confirming that these cells were apoptotic, other active
caspase-3-positive cells were TUNEL negative. It is likely that these latter cells,

sampled in a single time window, were undergoing apoptosis, but had not yet
reached the final stage of DNA fragmentation. The numbers of TUNEL positive cells

reported here may, therefore, underestimate the true level of apoptosis caused by
cardioplegic arrest.

DNA fragmentation has previously been demonstrated, though not quantified,
in human hearts exposed to cold cardioplegia (Aebert et al, 2000). Nevertheless, the
initiating pathways sustaining this myocyte apoptosis have never been defined. Our
study shows that also warm blood cardioplegia, which nowadays is alleged to be the

state of art of intraoperative myocardial protection, induces apoptotic cell death in
cardiac myocytes. We have previously shown in the ischaemic/reperfused rat heart

that endothelial cell apoptosis precedes that of myocytes (Chapeter 3) and is
exclusively mediated by activation of caspase-9 (Chapter 4). Subsequent myocyte
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apoptosis, during reperfusion, is also initially mediated by caspase-9 activation, albeit
cleavage of caspase-8 consistently increases with longer reperfusion times. In human

hearts exposed to cardioplegic ischaemia/reperfusion injury, mitochondrial damage,

leading to caspase-9 activation, is the main initiator of apoptosis affecting cardiac

myocytes. In contrast, death receptor ligation, which results in proteolytic activation
of caspase-8, appears to be a relatively minor contributor to myocyte apoptosis,
although the magnitude of myocyte apoptosis mediated by caspase-8 activation
might augment, prolonging the length of the reperfusion phase, after the release of
the aortic cross-clamp.

K^Tp channels have been shown to play a crucial role in ischaemic
preconditioning (Liu et al, 1999) and in cardioprotection post-ischaemia/reperfusion
injury, including cardioplegic arrest (Wakiyama et al, 2002). We previously showed

that urocortin enhances Kir6.1 expression, and urocortin-mediated cardioprotection is

abrogated by selective

channel blockers both in culture and in the intact heart

(Lawrence et al, 2002). Here we demonstrate that enhanced expression of urocortin

by individual myocytes following cardioplegia appears to protect them from
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apoptosis, and that this protective effect is associated with enhanced Kir6.1
expression in the same viable myocytes. Moreover, myocytes surrounding individual

TUNEL negative, urocortin and Kir6.1 positive cells, are also TUNEL negative. Since

these viable myocytes, which do not themselves express urocortin, do express the
cardioprotective Kirô.l, this suggests that urocortin, once released from individual
myocytes, not only protects the same cells from apoptosis in an autocrine manner,
but also exerts paracrine effects on neighbouring cells, through enhanced Kir6.1
expression.

As previously described (Chapter 5), exogenous urocortin, given to the rat
heart exposed to ischaemia/reperfusion, was shown to promote not only cell survival,
but also the post-ischaemic hemodynamic and bioenergetic recovery. Since the loss
and the functional impairment of myocytes following cardioplegic arrest directly

reduce cardiac contractility, worsening mortality and morbidity in on-pump cardiac

surgery, we conclude that the supplementation of cardioplegic solutions with

exogenous urocortin may amplify the protective properties of the endogenous
peptide and confer additional benefit to the human heart exposed to the inescapable
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ischaemia/reperfusion injury associated with cardiopulmonary bypass surgery.

Although the urocortin-mediated hypertrophic action is still to be confirmed by ex vivo

and in vivo evaluations (Chapter 5), the infusion of urocortin extended over a short

time frame before and after cardiac surgery should be a safe therapeutic option,
capable of providing cardioprotection without any unwanted hypertrophic side effects.
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Group A

Group B

Num ber

12

12

Female

7

5

Male

5

7

Age

62±8

64±6

Range aortic cross-clam p (min)

40-55

85-100

Aortic cross-clam p (mean±SD)

48±6

91±8

3,8±0.6

4.0±0.8

Ejection fraction pre-CAGB

53±6

55±8

Ejection fraction post-CABG

51±11

52±13±

Variables

Grafts num ber

Table 1 - Clinical overview of the enrolled patients. Twenty-four patients, 11 fem ale
and 13 male, admitted for elective on-pump coronary artery bypass graft (CABG) surgery
were classified into two groups (A and B), based on the duration of the cardioplegic arrest
(see Table 1). Aortic cross-clamping time ranged from 40 to 55 minutes (mean: 4 8 ± 6 minutes
±S D ) for group A (12 patients), and from 85 to 100 minutes (mean: 91 ±8 minutes ±S D ) for
group B (12 patients). Data are expressed as mean ± SD.
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Groups

TUNEL

Caspase-3

Caspase-8

Caspase-9

Urocortin

KlrS.i

Pre-CP G roupA

0%

0%

0%

0%

2.3+0.5%

0.9+0.3%

Pre-CP GroupB

0%

0%

0%

0%

1.9+04%

0.6+0.2%

Post-CP GroupA

3.3±0.5%

4.5±0.8%

1.5+0.4%

4.3+1.2%

17±2.3%

1 3±0.6%

Post-CP GroupB

5.1 ±0.9%

6.9+1.1%

3.2±0.6%

7.3+1.5%

29±3.5%

6.7+1.3%

Table 2 - Percentages of TUNEL, activated caspase, urocortin and Kir6.1 positive
labelling in cardiac myocytes in pre- and postcardioplegia biopsies. Data are expressed
as the means of 12-15 high power fields +/-SD
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Figure 7.1a - Control pre-cardioplegic heart (group A) exhibiting no
TU N EL positive staining or processing of caspase-3. Orange nuclei
are stained by propidium iodide.
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Figure 7.1b - Control pre-cardioplegic heart (group B) showing no
processing of caspase-8 or caspase-9. Cells are counterstained with PI.
Original magnification: x400.
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Figure 7.1c - Post-cardioplegic heart (group A): Yellow TU N EL positive
nuclei colocalize with activated caspase-3 positive labelling, which
appear bright red. Original magnification: x400.
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Figure 7.1 d - Post-cardioplegic heart (group B); Cardiac myocytes
showing colocalisation between TU N EL (yellow/green nuclei) and
cytoplasmic anti-active caspase-3 positive staining (bright red). Original
magnification: x650.
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Figure 7.2 - Serial myocardial sections from a post-cardioplegic heart (group B)
showing activation of caspase-9 (panel b; bright red) and caspase-8 (panel c;
bright green) in cardiac myocytes, as identified by an anti-desmin antibody (panel
a). Original magnification: x400.
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Group A

Group B

Pre-

Post'

CP

CP

4—

Cleaved 0 3

-4—

Cleaved C8

4—

Cleaved C9

4—

Cleaved C3

4—

Cleaved C8

4— - Cleaved C9

Actin
Figure 7.2d - Processing of caspase-3 (C3), caspase-8 (C 8) and
caspase-9 (C 9) in pre- and post-cardioplegic samples (pre-CP and
post-CP respectively) from group A and group B. Actin was used as a
marker.
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F ig ure 7.3
Basal expression of urocortin in cardiac myocytes from
control heart (group A). No TUNEL positive cell is detected (panel b).
Cardiac myocytes are recognisable by the anti-desmin red banding
(panel a). Original magnification; x400.
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F ig ure 7.3
Post-cardioplegic heart (group B): Cardiac myocytes
exhibiting cytosolic urocortin positive staining (bright red) are
constantly TUNEL negative. TUNEL positive nuclei appear yellow
(panel d). Cardiac myocytes are recognisable by the anti-desmin red
banding (panel c). Original magnification: x400.
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F ig ure 7.4 - Serial atrial sections from post-cardioplegic heart (group
B). Induction of urocortin in cardiac myocytes (bright red cytosolic
staining: panel b) is associated with TUNEL negativity (TUNEL
positive nuclei appear yellow; panel a), and overexpression of Kir6.1
potassium channel (bright green cytosolic staining), which is detected
non only in urocortin positive cells, but also in urocortin negative
neighbouring cells (panel c). Cardiac myocytes are labelled by an antidesmin antibody (panel a). Original magnification: x400.

318

CHAPTER 8
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SECTION 1

8.1 GENERAL DISCUSSION

Apoptosis is a highly controlled cell death process, which is autonomously
committed by fully healthy or sublethally injured cells in answers to physiological or
pathological stimuli. This suicidal scheme is achieved through a complex series of
ordered biochemical events and finalized without any inflammatory response. In
contrast to apoptosis, necrosis, the other mayor type of cell death, commonly arises
from fatal external insults and results in spillage of the cellular content, with
subsequent inflammation. Unlike necrotic cell death, which is unanimously recognized
as the prototype of ischaemic cell death, apoptosis has been only recently implicated
in the pathogenesis of ischaemia/reperfusion injury in the heart. However, although
this concept is widely recognized, the relative contribution of either type of cell death
to the cardiac cell loss ensuing from an ischaemic insult is still controversial. At one
extreme, Anversa and co-workers have identified in apoptosis the leading cause of
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cell death in ischaemic/reperfused cardiac myocytes (Kajstura et al, 1996). At the
other extreme, Schaper and collaborators have reasserted the centrality of necrosis
in the pathogenesis of postischaemic injury, attributing to apoptosis only a marginal
role (Freude et al, 1996).

These studies, as well as many others that followed, seem to carry some
intrinsic weakness. First of all, these reports concentrated on cell death affecting
cardiac cells only, leaving out of consideration the occurrence of death in the
different cell types forming the heart. In addition to this, the choice of time points
separated by long intervals, without the certain knowledge of the time frame required
for the completion of the apoptotic process, might be a cause of underestimation of
the real incidence of postischaemic apoptosis. Finally, in these studies the
assessment of apoptosis was mainly if not exclusively accomplished by evaluation of
the typical DNA changes occurring in the final stages of the process. This approach,
which does not aim at the evaluation of additional apoptotic markers earlier than DNA
fragmentation, could not provide any insight about the true time kinetics of apoptotic
cell death in the two acts of the ischaemia/reperfusion injury scenario. In the light of
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these observations, which created the premises for the current work, we started to
investigate

the

occurrence

of

apoptosis

in

different

cell

types

during

ischaemia/reperfusion injury given to the intact rat heart.

In Chapter 3, by means of a multi-step immunocytochemical technique
(Scarabelli et al, 1999), we show that apoptosis in the isolated rat heart exposed to
ischaemia/reperfusion injury, proceeds in a cell and time dependent manner.
Endothelial cells are the predominant, and often the only cell type, affected by
apoptosis early in reperfusion. At this stage, the most common pattern of TUNEL
staining is represented by fluorescent rings and track images, corresponding
respectively to cross and longitudinal sections of coronary vessels. After 60' of
reperfusion, TUNEL staining extends to larger vessels and it is common to observe a
typical perivascular localisation of apoptotic myocytes, whose number diminishes with
increasing distance from the positive vessels, as confirmed by superimposition of a
radial grid. By 2 hours of reperfusion, the proportion of TUNEL positive endothelial
cells decreases, presumably reflecting their clearance or secondary necrosis, whilst
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TUNEL positive myocytes tend to lose their perivascular localization and assume a
more homogenous distribution.

We also demonstrate that ischemia alone is sufficient to initiate, but not to
complete, apoptotic death of myocyte and non-myocyte cells. In fact, after ischaemia
alone, some cells, despite their TUNEL negativity, show caspase-3 positive labelling.
This suggests that ischaemia without reperfusion can initiate the molecular pathway
of apoptosis, although reperfusion is required to complete the DNA fragmentation
characteristic of an end stage apoptotic cell. The colocalisation of cleaved caspase-3
with TUNEL, detected during reperfusion, and the electron microscopy findings,
would support this interpretation.

The demonstration that endothelial apoptosis precedes that of cardiac
myocytes, the perivascular localization of positive myocytes, and the observation that
their number is inversely proportional to the distance from the coronary vasculature,
raise the important possibility that apoptogenic mediators, released from injured
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vascular cells, spread into myocardium upon reperfusion, contributing to apoptosis
affecting cardiac myocytes.

These findings, although requiring further validation, may have major clinical
implications, suggesting the pioneering use of a new therapeutic approach against
ischaemia/reperfusion injury. Understanding of the apoptotic pathways leading to
apoptosis of endothelial cells and cardiac myocytes, and the identification of the
apoptogenic mediators released from injured vascular cells, may provide not only
rescue of endothelial cells, but also protection of the myocardium.

The work described in chapter 3 constituted the scientific background of our
next set of experiments, described in chapter 4. As previously outlined, the apoptotic
cascade can be initiated either by the intrinsic pathway (Li et al, 1999), which follows
mitochondrial damage and results in activation of caspase-9, or the extrinsic
pathway, which is death receptor-mediated and leads to activation of caspase-8
(Boldin et al, 1996). These two apoptotic pathways are unilaterally cross-linked by BID
(Bcl2-binding protein), which, upon cleavage by caspase-8, sustains the mitochondrial
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leakage of cytochrome c (Luo et al, 1998). By perfusion of the isolated rat heart with
specific inhibitors of caspase-8 and caspase-9, we elucidated the selective
contribution of the intrinsic and extrinsic pathways to apoptosis of endothelial cells
and cardiac myocytes.

Our study shows that in the intact rat heart different biochemical pathways of
caspase activation are selectively initiated in the course of ischaemia/reperfusion
injury. In line with our previous in vitro study (Stephanou et al, 2001), the
mitochondria-initiated pathway activates first during ischaemia and remains active
during reperfusion, whilst the cell surface death receptor-mediated pathway is
triggered only during reperfusion.

Additionally, we demonstrate for the fist time that distinct signalling pathways
are induced in different cell types during ischaemia/reperfusion injury. The
mitochondrial damage, leading to caspase-9 activation, is the major trigger of
endothelial apoptosis. The low susceptibility of endothelial cells to commit apoptosis
via the death receptor-initiated signalling pathway may be due to an increased level of
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FLIP (FLICE inhibitory protein), an endogenous inhibitor containing two death effector
domains (Suhara et al, 2001). The competition between FILP and procaspase 8 for
binding to the death effector domain of the FAS-associated death domain was shown
to prevent procaspase recruitment to the death-inducing signalling complex. (Irmler et
al, 1997). Cardiac myocyte apoptosis, conversely, is accounted for by the synergistic
concurrency of both biochemical pathways of caspase activation. With increasing
reperfusion time, in fact, the death receptor-mediated pathway takes over the
mitochondrial pathway, whose level of activation, conversely, progressively weakens
throughout the reperfusion phase.

Cleavage of BID, which enables the cross-talk between the two signalling
apoptotic pathways, is observed only during reperfusion. It has been postulated that
BID, in addition to caspase-8, might be cleaved not only by other caspases, such as
caspase-3, to constitute an amplification loop for caspase activation (Luo et al,
1998), but also by different proteolytic enzymes. One of those might be calpain, a
calcium-activated

protease,

which

undergoes

autocatalytic processing upon

reperfusion, as a consequence of the steep rise in intracellular calcium levels (Chen
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et al, 2001). Our data exclude this possibility, as in the rat heart a specific inhibitor of
caspase-3 has no effects on BID processing, whilst the pan-caspase inhibitor Z-VAD

almost abolishes its cleavage. Furthermore, since the processing of BID is as
dramatically reduced by Z-VAD as by the inhibitor of caspase-8, we conclude that BID

cleavage is caspase dependent and essentially reliant on caspase-8 activation.
However, given that BID-depleted cytosolic extracts treated with caspase-8 still

induce release of cytochrome c from mitochondria (Steemans et al, 1998), our
findings do not rule out the possibility that caspases, as well as different proteases,
can cleave substrates other than BID, contributing to the mitochondrial dysfunction
occurring during ischaemia/reperfusion injury.

It has been suggested that caspase-8 can also be activated after the release
of cytochrome c from mitochondria. The cleavage of caspase-8 might be achieved

directly by caspases downstream of caspase-9 (Yin et al, 1999) or in a complex

involving Apaf-1 and dATP, similarly to caspase-9 activation (Ferrari et al, 1998). This

supposition in not confirmed by our finding in the rat heart. In fact, in this specific
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setting, the caspase-8 inhibitor reduces both caspase-8 and caspase-9 activation,

whilst the caspase-9 inhibitor has no effects on processing of caspase-8.

Our findings, therefore, indicate that the death receptor pathway can recruit

the mitochondrial one, but exclude the existence of an amplifying feed-forward loop
during the signalling of the mitochondria-initiated pathway, which engages the death
receptor pathway downstream the receptor activation.

The accurate knowledge of time kinetics of activation and individual
contribution of both major apoptotic pathways to endothelial and myocyte apoptosis
occurring during ischaemia/reperfusion injury, may disclose new cardioprotective

strategies, based on the use of relevant therapeutic agents.

One of these new therapeutic agent, minocycline, is an antibiotic with anti

inflammatory properties, which is clinically used for the treatment of diseases such as

urethritis and rheumatoid arthritis (Aronson, 1980; O'Dell, 1999). Experimentally,
minocycline has also been shown to be neuroprotective in animal models of cerebral
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ischaemia (Yrjanheikki et al, 1999; Yrjanheikki et al, 1998), and to delay progression

and improve survival in mouse models of neurodegenerative disorders such as

Huntingtons disease (Chen et al, 2000), Parkinson's disease (Du et al, 2001) and
Amyotrophic Lateral Sclerosis (Zhu et al, 2002). However, despite these promising

reports of minocycline-mediated neuroprotection, no corresponding data is yet
available on its potential cardioprotective properties in ischaemia/reperfusion injury in

the heart.

In chapter 5, we show for the first time that minocycline provides protection
against ischaemia/reperfusion injury in the heart, which represents a new target

organ. This cardioprotection is firstly demonstrated by a marked reduction of both
necrotic and apoptotic cell death, which has been experimentally documented at
different levels: in vitro, using primary cultures of neonatal and adult cardiomyocytes;
ex vivo, infusing minocycline to the isolated rat heart; and in vivo, injecting the
animals with minocycline over a period of three days. Importantly, the reduction of
infarct size and apoptotic cell death observed following in vivo treatment with
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minocycline, is associated with a remarkable post-ischaemic recovery of cardiac

function.

This finding has been substantiated by new insights into the mechanism of

action of minocycline. As described in chapter 1, apoptosis is mediated by sequential

activation of a cascade of proteolytic enzymes called caspases, and minocycline
inhibits caspase expression in cerebral ischaemia (Yrjanheikki et al, 1999; Yrjanheikki

et al, 1998) and Huntingtons models (Chen et al, 2000). Caspases are synthesised
as inactive precursors, and their autocatalytic activation is normally inhibited by a
family of Inhibitors of Apoptosis Proteins (lAPs) (Deveraux et al, 1998). lAP-mediated

inhibition of caspase activation is reversed by Smac/DIABLO, a mitochondrial protein

released into the cytoplasm following mitochondrial damage (Chai et al, 2000). In the

Amyotrophic Lateral Sclerosis model, minocycline has been shown to reduce leakage

of another mitochondrial protein, cytochrome c (Zhu et al, 2002). As far as we are

aware, minocycline is the first drug with proven safety in human to induce profound

inhibition of the activity level of several initiator and effector caspases through the

synergism of distinct mechanisms. In the first place, we show that minocycline, in
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addition to the previously documented downregulation of caspase-1 and -3, not only

reduces the cardiac expression of caspase-7, -8, -9 and -1 2 in basal conditions, but

also prevents the post-ischaemic upregulation of all the above caspases.

Besides this extensive caspase downregulation, we also present the first

evidence in any cell type that minocycline effectively interferes with upstream and
downstream mechanisms, modulating secondary caspase activation and reactivation.

A minimized mitochondrial relocation of cytochrome c and Smac/DIABLO is detected
in conjunction with and increased ratio of XIAP to Smac/DIABLO in the intact heart

exposed to in vivo treatment with minocycline.

The aforementioned mechanisms concurrently modulate the functional activity

of caspases at three different levels: reducing the mitochondria-mediated activation

of caspase-9, promoting the inhibition of activated caspases and preventing the

reactivation of dormant caspases. The combined action that ensues, elevates the

apoptotic threshold in ischaemic/reperfused cardiac myocytes, by modulation, and

not direct inhibition (Chen et al, 2000), of the level of caspase activity in the heart.
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Therefore, the clinical use of minocycline is not limited by the potential toxic effects

of other conventional caspase inhibitors due to abrogation of normal homeostatic

apoptosis in the human adult.

The clinical potential of minocycline appears to be highly versatile. This safe

antibiotic, for instance, could be used not only in acute but also in chronic clinical
settings, to supply valuable synergism with conventional cardioprotective agents.

Short-term

pre-

and

post-ischaemic

administration

of

minocycline

might

be

successfully performed to prevent or lower the cardiac dysfunction, which often
occurs in patients exposed to an iatrogenic ischaemia/reperfusion injury, such as
coronary angioplasties and cardiac surgery. On the other hand, owing to its well-

documented safety and oral bioavailability, the long-term treatment with minocycline,

as adjuncts to established therapeutic means, may be a suitable option to delay the

progression of myocyte cell loss that accounts for the progressive deterioration of

cardiac performance during chronic cardiovascular conditions, such as heart failure

and cardiomyopathies.
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We also investigated in the intact heart the cardioprotective properties of

urocortin, a small 40 amino acid peptide member of the Corticotropin Releasing

Hormone family. We previously reported that exposure of cardiac myocytes to heat

shock and simulated ischaemia/reperfusion in vitro led to increased urocortin mRNA

abundance as well as to proteolytic release of mature urocortin peptide from the

intracellular stores into the medium (Brar et al, 1999). We also showed that addition
of exogenous urocortin to myocytes in vitro reduced postischaemic necrotic and

apoptotic cell death. Similarly, urocortin pretreatment performed both ex vivo and in
vivo was shown to reduce the size of infarction in the rat heart (Brar et al, 1999;
Schulman et al, 2002).

These earlier studies, in the face of the novelty of their content, are burdened

with the disadvantage of a limited clinical relevance, as they cannot distinguish

between true cell survival, which is followed by functional recovery, and delayed cell

death. Therefore, in chapter 5, the anti-apoptotic and anti-necrotic effects of urocortin

have been evaluated in conjunction with its hemodynamic properties. Our study

shows that urocortin exerts on the rat heart subjected to ischaemia/reperfusion a
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cytoprotective

action, without depressing the myocardial contractility.

Hence,

urocortin, unlike other clinically used cardioprotective agents, such as p blockers and

calcium antagonists, provides cardioprotection independently from an energy sparing

mechanism and an improvement of oxygen delivery. This finding has important clinical

implications and will help in understanding the molecular mechanism underlying the

cardioprotective effect of urocortin, which thus far remains still unclear.

Because

of the

intrinsic hemodynamic

action of urocortin to

induce

vasodilation when injected intravenously in conscious animals, the isolated paced rat
heart exposed to zero/flow ischaemia was chosen as ideal model, in order to prevent
the concurrency of alterations in heart rate, peripheral and coronary dilation, as well

as hormonal influences. In addition to the exclusion of the hemodynamic variability,

the employment of the isolated heart is not affected by the input from the central

nervous system evoked by urocortin.

The

concept

that

urocortin

is

beneficial

in

limiting

the

extent

of

ischaemia/reperfusion injury is confirmed by several pieces of evidence. Urocortin
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infusion during the aerobic phase prevented the rise of diastolic pressure during

ischaemia and improved functional recovery during reperfusion. Both diastolic and

developed pressure normalized by the end of reperfusion when urocortin treatment

was resumed during the post-ischaemic phase. Hemodynamic parameters were

significantly improved even when Ucn was infused only during reperfusion.

Since the progressive decrease of the diastolic compliance during ischaemia

was previously shown to be associated with a steady augment in free intracellular
calcium (Nayler et al, 1987), we postulate that urocortin helps to maintain calcium
homeostasis during ischaemia/reperfusion. Increased intracellular calcium level

during ischaemia seems to be mainly related to a lack of energy to pump free

calcium out of the cell or into the sarcoplasmic reticulum. Accordingly, urocortin

radically improved myocardial stores of ATP and creatine phosphate when given

before ischaemia, but failed to preserve the drop of high-energy phosphates when

given only throughout reperfusion. The recovery of ATP and creatine phosphate

content on reperfusion indicated that in the urocortin treated hearts the cellular

energy-producing pathways were still functioning.
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Besides the above hemodynamic and metabolic bénéficiai actions, the

cardioprotective properties of urocortin were confirmed by the reduction of the

reperfusion-induced release of creatine phosphokinase, a typical index of cell

damage, observed in all hearts treated with urocortin. This finding is in line with the

reduction of infarct size we previously observed in the intact rat heart receiving
urocortin before and after a simulated ischaemic insult (Brar et al, 1999).

Cardioprotection manifested also as prevention of apoptotic cell death. TUNEL
staining and cleaved caspase-3 labelling, both in endothelial cells and cardiac

myocytes, were considerably diminished in hearts perfused with urocortin during the
aerobic phase, preceding the delivery of the ischaemic insult. The resumption of

urocortin infusion during reperfusion lessened further the magnitude of apoptosis,

whilst the administration of urocortin only throughout the reperfusion phase resulted

in a moderate cellular salvage, even though still significant. These findings were

confirmed by the evaluation of caspase-3 activity levels in tissue extracts.
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In summary, this data, in conjunction with our previous results, support a role

for urocortin and its impact on hemodynamic, bioenergetics and cell death, as an

important factor to increase resistance to ischaemia. Although it is extremely difficult

to move from animal studies to the human setting, above all when performed in the

"in vitro" setting, our results seem to recommend a prophylactic use of urocortin in

clinical settings (angioplasty, heart surgery and following myocardial infarction),
requiring cardioprotection independent from inotropic effects.

As previously outlined, biologically active urocortin is released from isolated

myocytes exposed to simulated ischaemia and confers to the culture medium
cardioprotective properties, which are abrogated by corticotropin releasing factor

receptor antagonists. In the human setting, controlled forms of ischaemia/reperfusion

injury are commonly given to the heart during procedures of revascularization. This is

the

case

of

percutaneous

transluminal

coronary

angioplasties,

during

the

inflation/deflation of the balloon at the level of an atherosclerotic lesion, and

cardiopulmonary bypass surgeries,

during which the cardioplegic arrest and
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subsequent

reperfusion

inevitably

expose

the

heart

to

an

iatrogenic

ischaemia/reperfusion injury.

Additionally, although apoptosis has been extensively proposed as one

mechanism sustaining the loss of ischaemic/reperfused myocytes, no definitive

evidence has been provided so far about the occurrence and the contribution of
apoptosis

to

the

ischaemia/reperfusion

injury associated

with

warm

blood

cardioplegia. This type of cardioplegic arrest, nowadays, is regarded as being the
most effective technique of intraoperative myocardial protection (Salerno et al,
1991). This background encouraged us to evaluate in patients undergoing cardiac
surgery the cardioplegia-mediated changes in urocortin expression, as well as the

potential involvement of endogenous urocortin as a salvage mechanism, based on the

pre- and post-cardioplegic occurrence of apoptotic cell death.

As outlined in chapter 7, warm

blood cardioplegia induces urocortin

expression proportionally to the length of cardiac arrest. Cells expressing urocortin

are also protected from apoptosis, being consistently TUNEL negative. Moreover,
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cardiac cells showing urocortin positive labelling are surrounded by a ring of urocortin

negative cells, which, however, express the Kir6.1 component of the KATP channel.

Since we previously showed that exogenous urocortin enhances the expression of

Kir6.1 and potassium channel blockers abolish urocortin-induced cardioprotection,

both in cultures of myocytes and in the intact heart (Lawrence et al, 2002), this

immunocytochemical finding indicates that in the human heart endogenous urocortin

exerts not only autocrine effects on the cells by which it is produced, but also

paracrine effects on neighbouring cells.

Our data, furthermore, show for the first time that effector caspase activation
and DNA fragmentation are produced in human myocytes following warm blood

cardioplegia, and that the degree of myocardial apoptosis is dependent on the time

of cardioplegic arrest. This apoptosis appears to mostly reflect mitochondrial injury,

given that activation of caspase-9 was predominant over that of caspase-8,

irrespective of the period of ischaemia. As previously described (Chapter 3 and

Chapter 4), in the ischaemic/reperfused rat heart endothelial cell apoptosis precedes

that of myocytes and is exclusively mediated by activation of caspase-9. Subsequent
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myocyte apoptosis during reperfusion is also initially mediated by caspase-9

activation, though cleavage of caspase-8 is observed with longer reperfusion times.

The results with the cardioplegic human heart are entirely consistent with the rat

data, and show that death receptor ligation is a late, and relatively minor contributor

to human cardiac apoptosis. Therefore, also in human hearts exposed to cardioplegic

ischaemia/reperfusion injury, mitochondrial damage appears to be the principal
initiator of apoptosis.

In addition, although all TUNEL-positive cells also stain with an antibody
recognising the active form

of caspase-3,

confirming theirapoptoticstatus, other

active caspase-3-positive cells are TUNEL negative. These

myocytes in the early stage of their death

cells may be apoptotic

process. Hence,it followsthat the data

here reported, which are based on the identification of apoptosis by colocalisation of

TUNEL

staining

and

active

caspase-3

positive

labelling,

may represent

an

underestimation of the real entity of apoptotic cell death, triggered by the warm blood

cardioplegia.
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In the

rat,

exogenous

urocortin

reduces

infarct

size

and

promotes

hemodynamic and bioenergetic recovery in the Langendorff-perfused heart exposed

to ischaemia/reperfusion injury (Chapter 6). Administration of urocortin, therefore,

sustains and augments the protective effects of the endogenous peptide in the rat

heart. In this study, we have shown that endogenous urocortin, similarly, protects the

human heart from apoptosis induced by cardioplegic arrest. Thus, we conclude that
short-term pre- and post-cardioplegic treatment of the human heart with exogenous
urocortin and/or its use as a supplementary cardioplegic ingredient may provide
further protective benefit to the human heart,

exposed to the inescapable

ischaemia/reperfusion injury associated with cardiopulmonary bypass surgery.

In conclusion, we believe to have demonstrated that endothelial cells undergo
apoptosis prior to cardiac cells, during ischaemia reperfusion injury, and may play a

role in inducing apoptosis in adjacent cells, possibly through the release of soluble
factors. In addition to this, we have described the different initiating pathways

accounting for apoptotic cell death in endothelial cells and cardiac myocytes,

exposed to ischaemia/reperfusion. We have also provided the first evidence of the
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comprehensive

cardioprotection

offered

by

minocycline

against

ischaemia/reperfusion injury, and documented the extraordinary post-ischaemic

recovery of cardiac function, promoted by exogenous urocortin. We have finally

demonstrated in the human setting that, warm blood cardioplegia, a common form of

iatrogenic ischaemia/reperfusion injury, causes apoptotic cell death, which is

effectively prevented in cardiac cells,

showing concurrent overexpression of

endogenous urocortin.

We heartily hope that the findings presented in this dissertation may give a
contribution to the understanding of cardiac ischaemia/reperfusion injury, and
suggest the design of new therapeutic strategies, clinically safe and successful. If

this is the case, we will fulfil, at least in part, our vocational wish to concur in
improving the quality of life of suffering people. Beyond glamour and misery of basic

research, this is the first duty of a medical scientist.
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Abstract
Apoptosis is a distinct form of cell death, induced, for example, by ischaemia/reperfusion injury, that results in
charactaistic alterations in cell morphology and fate. In tissue sections, the most commonly used technique to detect
apoptosis is terminal deoxynucleotidyl transferase mediated nick, end labelling (TUNEL) staining which labels the ends of
DNA strand breaks characteristic of the apoptotic process. However, without the employment of additional staining, TUNEL
is only a qualitative procedure that gives no information about the proportion of negative cells nor the cell type undergoing
apoptosis. We have utilised prqpidium iodide (PI) as a counterstain to visualise TUNEL negative nuclei together with
anti-desmin antibody in order to assess quantitatively apoptosis in specific cell types. The procedure has been evaluated in
tissue s^tions from isolated pafused rat hearts subjected to ischaemia and reperfusion. Hearts were cross-sectioned into four
2.5 mm thick slices which were fixed in 4% formaldehyde and embedded in paraffin. Serial sections (5 microns) were cut,
dewaxed and pretreated by incubation with trypsin at 37**C for 30 min. After the employment of the TUNEL assay, sections
were labelled widi antirdesmin antibody, counterstained with PI and finally examined by confocal fluorescent microscopy.
Apoptosis was not seen in sections from hearts subjected to ischaemia alone nor in control hearts. After 35 min of ischaemia
the percentages of TUNEL positive cells were very low both in myocytes (0.1%) and in non-myocytes (0.3%). In
ischaemic-repafused hearts, the number of TUNEL positive cells was only signiflcantly higher in vascular cells (44 ± 5%)
and cardiac myocytes (6 ± 2%). This simple method therefore allows quantification of apoptosis in myocytic and
non-myocytic cells in tissue sections. Use of alternative immunohistochemical markers would permit adaptation of the
method to the quantitative assessment of apoptosis in other tissues. © 1999 Elsevier Science B.V. All rights reserved.
Keywords: Apoptosis; TUNEL method; Heart; Ischaemia and repeifusion injury
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1. Introduction
In the isolated perfused heart, as well as in cul
tures o f cardiac myocytes, cells die by apoptosis
following ischaemia/reperfusion injury (Freude et
al., 1998) However, while the quantitative assess
ment o f apoptosis in cultured cells by a variety o f
techniques is straightforward, evaluation of cardiac
myocyte cell death in sections from isolated perfused
hearts has hitherto at best been only semiquantitative
(Todd Allen et al., 1997). Intemucleosomàl fragmen
tation o f D N A into oligonucleotides o f 180—200 bp,
or multiples thereof, is a classic endpoint o f apop
totic cell death (M ajno and Joris, 1995). The fluores
cence-based terminal deoxynucleotidyl transferase
(T d T ) mediated nick end labelling (T U N E L ) assay is
an enzymatic reaction which incorporates fluores
cein-conjugated dUTP into the free 3' hydroxy ends
o f fragmented D N A , and has been widely used for
the assessment o f apoptosis in both in vitro and ex
vivo models (Gavrieli et al., 1992). However, in
tissue sections, use o f the TU N E L assay alone does
not allow the proportion o f apoptotic cells to be
evaluated, since the number o f cells in the section is
unknown. Moreover, sections from isolated perfused
hearts also contain epithelial and interstitial cells,
which, in simple staining and TU N E L reactions,
cannot readily be discriminated &om cardiac my
ocytes.
Here, we describe a procedure involving three
successive staining reactions which permits quantita
tive assessment of apoptosis specifically in cardiac
myocytes in tissue sections.

o f tissue from control and experimental animals em
ployed in the study were used for other experiments,
for example, immunoblotting. The anim als were not
sacrificed solely for the experiments described in this
manuscript.
The hearts were quickly removed, mounted in a
Langendorff perfusion apparatus and retroperfused
with an oxygenated, normothermic Krebs-Hensleit
buffer, at a pressure o f 100 cm H^O. As a period o f
stabilization, all hearts were perfused for 10 min
with buffer alone. Thereafter, the isolated hearts
were randomly divided into three groups. The first
(control) group (« = 6) was subjected to 60 min o f
perfusion. In the second (ischaemic) group (n = 6),
the left coronary artery was surgically occluded for
35 min using suture ligation. In the third
(ischaemic/reperfused) group (n — 6), following 35
min of ischaemic treatment the hearts were reper
fused for 60 min by release o f the suture tie, which
was left loose on the surface o f the heart. Severe
arrhythmias, evoked by restoration of the coronary
flow , were successfully prevented by flushing the
hearts with cold Krebs-Hensleit solution immedi
ately after release o f the tie. In all cases direct
touching o f the heart was avoided. In the second
group, immediately after the end o f the ischaemic
period and in the third group, immediately after
retightening o f the suture at the end o f the reperfu
sion period, 0.5 m l o f 0.25% Evans Blue solution
was slowly infused in order to delineate the is
chaemic area at risk within the left ventricular w all,
the non-perfused parts o f the hearts being unstained.

2.2. Preparation and pre-treatment o f tissue sections

2. Materials and methods
2.1. Anim al model

Adult male Sprague-Dawley rats were anaes
thetised by intraperitoneal administration o f pento
barbital (30 m g /kg ). The experiments were per
formed in accordance with the United Kingdom
Home Office Guidance on the Operation o f the
Animals (Scientific Procedures) Act 1986. Sections
processed in these experiments were &om control
animals used in studies o f new cardioprotective
agents in the isolated perfused heart. Other portions

Hearts were removed from the perfusion appara
tus and cross-sectioned from the apex to the atri
oventricular groove into four 2.5 mm thick slices.
H ie sections were placed in 4% formaldehyde in
TBS and stored at 4*^C for a maximum of 48 h.
Once dehydrated the tissues were embedded in
molten paraffin, placed in metallic blocks, covered
with plastic moulds and kept under freezing plates to
solidify the paraffin. A ll samples were placed in the
same orientation to ensure that comparable sections
were cut. Serial 5 p.m myocardial sections were cut
using a microtome and mounted on siliconized slides.
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Positive controls were generated by incubating
samples from control hearts at room temperature for
10 min with 100 p i o f a 1 m g /m l solution o f DNase
1 in PBS, in order to induce strand breaks. Sections
were then washed 3 times in PBS. Negative controls
were created by incubating sections with T U N E L
mixture lacking TdT.
2.4. Anti-desmin antibody labelling and propidium
iodide (P I) staining

Fig. 1. Section of ischaemic/reperfiised heart stained by TUNEL
method alone. TUNEL positive cells (green) are highlighted
amongst a negatively staining background. Specific cell types and
total cell nuclei cannot be identified at this stage. ( X 63).

Sections were dewaxed by incubation for 1 h at
60°C followed by deparaffination by immersion in
xylene for 5 min and were sequentially rehydrated
by soaking through 100% ethanol for 1 min; 100%
ethanol for 1 min, 70% ethanol for 1 min and
distilled water for 1 min. The pre-treatment was
completed by incubating the sections at 37® for 30
min in TBS containing 1 m g /m l trypsin and 1
m g /m l C a C lj followed by washing 3 times in TBS.

Desmin is a 5 2 -5 5 kDa insoluble protein capable
o f polymerising in 10 nm diameter filaments which
form the main intermediate filaments in mature
skeletal, cardiac and smooth muscle cells.
Each slide was covered with an excess o f the 10%
primary anti-desmin antibody (approximately 7 0 -1 0 0
p i per slide), incubated at room temperature in a
humidified chamber for 60 min and washed w ith 3
changes o f TBS. The inununocytochemical reaction
was com pleted by incubating slides w ith
diodamine-conjugated secondary antibody diluted
1/2 0 in TBS. As before, once coated with an excess
(approximately 70—100 p i) o f secondary antibody
solution specimens were incubated at room tempera-

2.3. Tunel staining

T U N E L staining was performed using a commer
cial kit (in situ C ell Death Detection K it, Fluores
cein, Boehringer Mannheim; Lewes, Sussex U K )
with the following changes to the recommended
protocol. Once the area o f slide around the section
was dry, 50 p i o f T U N E L mixture, containing TdT
and dUTP in reaction buffer were pipetted onto each
section, in our experience the use o f coverslips to
ensure a homogeneous spread o f T U N E L mixture
across sections is not strictly required. The slides
were incubated in a humidified chamber for 60 min
at 37®C in the dark. Finally, slides were rinsed 3
times in TBS.

Fig. 2. Section of ischaemic/reperfused heart stained by TUNEL
method and PI. TUNEL positive cells appear yellow when PI is
used to counterstain all nuclei. Non-apoptotic nuclei remain red.
(X63).
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ture in a humidified chamber for 43 min and there
after rinsed 3 times in TBS. Finally, an excess
(approximately 100 p i) o f 1% PI was added to each
slide and incubated for 5 min at room temperature.
The slides were then washed 3 times in TBS, mounted
under glass coverslips using antifade mounting
medium and examined by confocal fluorescent m i
croscopy.

3. Results
The nuclei o f T U N E L positive cells are stained
green by the incorporation o f fluorescein-conjugated
dUTP into the 3' O H ends o f cleaved D N A (Fig. 1).
However, because the plasma membrane o f cells is
not delineated using T U N E L staining alone, it is not
possible to quantify the percentage o f apoptotic cells.
In addition, it is not possible, from simple T U N E L
staining, to assess which T U N E L positive cells are
cardiomyocytes or other cell types present in the
same section. Positive controls, produced by D N A 1
treatment o f sections from controls hearts, showed
> 90% T U N E L positive cells; in negative controls.

Fig. 4. Low power magnification of a section of ischaemic/reperfused heart stained by TUNEL, PI and anti-desmin antibody. The
section shows positive TUNEL staining within the wall of a
vessel Little TUNEL positivity can be seen in the surrounding
myocytes. ( X 10)

obtained by omitting TdT from the T U N E L reaction,
no T U N E L positive cells were seen (data not shown).
W e have used P I, a dye which stains all cell
nuclei, to allow quantification o f the proportion o f
apoptotic cells. When viewed through a rhodamine
filter, T U N E L negative nuclei appear red, while
T U N E L positive nuclei are bright yellow (Fig. 2).
In order to assess which apoptotic cells are cardiomyocytes, we have used an anti-desmin antibody.
W ith this antibody, cardiomyocytes are easily recog
nisable by the red banding o f the cellular body
running perpendicularly to their long axis (Fig. 3). It

Table I
Percentage of apoptotic myocytes and endothelial cells per high
power field following 35 min of ischaemia alone and 35 min of
ischaemia followed by 60 min of reperfusion

Fig. 3. Section from ischaemic/reperfused heart stained by
TUNEL. PI and anti-desmin antibody. The myocardium shows
myocyte banding as identified with the anti-desmin antibody.
TUNEL positive nuclei are confined mainly to the adjacent vessel.
(X63).

Treatment

Positive
myocytes

Positive
endothelial cells

35 min Isch
35 min Isch +
60 min Rep
Control

0.1%
6±2%

0.3%
44±5%

0.1%

0.1%
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is clear from Figs. 1 -3 that the background staining
with TU N E L, P I and anti-desmin antibody is low.
Using these three staining reactions sequentially,
we have quantised apoptotic myocardial and non
myocardial cells in isolated perfused hearts exposed
to ischaemia and reperhision. Fig. 4 shows a ring o f
T U N E L positive cells within the wall o f a large
vessel surrounded by a few apoptotic cardiomyocytes. No apoptotic cells were seen in hearts ex
posed to ischaemia alone, or in control perfused
hearts. The percentages of apoptotic myocytes and
vascular cells are shown in Table 1.

4. Discussion
Previous studies o f cell death in sections o f hearts
exposed to ischaemia/reperfusion ex vivo or in vivo
have, at best, been only semi-quantitative (Gottlieb
et al., 1994; Tanaka et al., 1994; Umansky et al.,
1995; Fliss and Gattinger, 1996; Freude et al., 1996).
In this study, TU N E L assay, anti-desmin inununocytochemistiy and propidium iodide, widely used
separately before, have been employed sequentially
in the same sections; this is the first time that such
an approach has been attempted, as far as we are
aware. Use o f this novel multi-stain technique has
allowed us to clarify the time-course o f apoptosis in
specific cell ^pes during ischaemia/reperfusion. In
this respect, we have demonstrated that endothelial
cells are the predominant cell type affected by apop
tosis during early reperfusion and that these cells
undergo apoptosis before cardiac myocytes. These
findings, together with the observation that the num
ber o f apoptotic cardiac myocytes is inversely pro
portional to the distance from the coronary vascula
ture, raise the inqx>rtant possibility that soluble factor(s), released from injured vascular cells, spread
into myocardium upon reperfusion and contribute to
myocyte apoptosis. I f confirmed, this discovery has
major therapeutic implications.
As previously noted, in isolated perfused hearts
exposed to ischaemia alone we were unable to ob
serve any TU N E L positive cells. Since D N A frag
mentation is a relatively late e v ^ t in the apoptotic
process, this does not exclude the possibility that
some cells in the ischaemic hearts had initiated the
apoptotic programme, but remained undetectable. To
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analyse early apoptotic changes, it would be readily
possible to modify the procedure by replacing the
T U N E L staining with fluorescent Annexin V bind
ing.
Ischaemia has classically been associated with
necrotic cell deadi o f cardiac myocytes. Random
D N A fragmentation also occurs in the terminal stages
o f necrotic death and is preceded by loss o f plasma
membrane integrity and major cytoplasmic changes
(Earle et al., 1982; Gold et al., 1994). Although this
necrotic D N A firagmentation would also be detected
by TU N E L staining, it does not occur until some
hours after the ischaemic insult, and would therefore
not complicate the apoptotic D N A fragmentation
detected by the TU N E L assay in the ischaem ic/reperfusion model used in these experiments. M ore
over, die pattern o f T U N E L staining o f necrotic
cardiac myocytes is qualitatively different from that
seen following apoptotis (Pantelidis et al., 1998).
Although this method has been developed specifi
cally for the quantification of apoptotic cardiomyocytes, the use o f appropriate antibodies could ex
tend its application to the study o f apoptosis o f
specific cells types in other tissues.
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Urocortin Promotes Hemodynamic and Bioeneigetic
Recovery and Improves Cell Survival in the
Isolated Rat Heart Exposed to Ischemia/Reperfusion
Tiziano M. Scarabelli, MD,* Evasio Pasini, M D ,f Anastasis Stephanou, PhD,* Laura Comini, M S c , t
Salvatore Curello, M D ,$ Riccardo Raddino, M D ,t Roberto Ferrari, M D, P n D , t
Richard Knight, M D , F^D,§ David S. Latchman, PhD, DSc*
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This study evaluates the hemodynamic, biocncrgetic and cytoprotcctive effects of urocortin
(Ucn) in the isolated rat heart exposed to ischemia (I)/reperfusion (R).
BACMXIROUND We have previously demonstrated that administration of exogenous Ucn reduces infarct size
in ischcmic-rcpcrfused rat hearts.
METHODS
Urocortin 10~ M was added to the perfusate before I, before I and during R, and during R
alone in the isolated pulsed rat heart exposed to 35 min I followed by 60 min R
RESULTS
Partial to complete recovery of diastolic pressure and developed pressure was seen irrespective
of when Ucn was perfused. In particular, beneficial effects are observed when Ucn is only
given during R Urocortin given only before I, and before I and over R, although not during
R alone, also produces significant recovery of high-energy phosphate pools. In each group,
improvement in ventricular function w associated with reduction both in myocardial damage,
assessed by creatine phosphokinase release, and in endothelial cell and cardiomyocyte
apoptosis, assessed by caspase 3 activity and fluorescent-based terminal deoxynucleotidyl
transferase mediated nick end labelling enhanced with countcrstains. These improvements in
ventricular performance, biocnergetics and cell survival arc not secondary to any inotropic
effects of Ucn.
CONCLUSIONS This is the first report to show enhanced cardiac function induced by Ucn during I/R. Because
the cytoprotective and functional benefits arc still produced when Ucn is given only at R,
these data suggest that Ucn may be useful clinically in the management of myocardial
infarction. (J Am Coll Cardiol 2002;40:155-61) © 2002 by the American College of
Carrfiology Foundation

OBJECTIVES

Myocardial ischemia/reperfiision (I/R ) triggers a cascade o f
key pathogenetic cellular events such as massive influx of
caldum, mitochondrial damage and rapid depletion o f high
energy stores, leading to both necrotic and apoptotic cell
death. In addition, the mechanical efficiency o f the heart is
compromised, w ith a fall in developed pressure (D P ) and
progressive increases o f diastolic pressure (dP) throughout I
and R. The degree o f myocyte death and the severity o f the
hemodynamic consequences are major determinants o f the
clinical outcome o f I/R , and therapies for myocardial
infarction must both improve cell survival and promote
mechanical recovery.
Urocortin (Ucn) is a 40 amino acid member o f the
corticotropin-releasing hormone family, initially character
ized in rat brain (1). Subsequently, Ucn expression has also
been described in a number o f other sites including the
placenta (2), the immune system (3), the gastrointestinal
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tract (4) and the cardiovascular system (5). Urocortin and
other members o f the family exert their physiologic effects
through binding to two G -protein coupled receptors
(corticotropin-releasing horm one-Rl and -R 2), both o f
which can be expressed in alternatively spliced forms.
Corticotropin-rdieasing hormone-R2 has at least 10-fold
liigher affinity for Ucn tlian for corticotropin-releasing
hormone and is the only such receptor fijund in the heart
(6,7). This coexpression in the heart o f corticotropinreleasing hormone-R2 together w ith its preferred Ucn
ligand suggests that cardiac Ucn may exert autocrine/
paracrine physiologic effects on the heart.
Several studies have, indeed, shown effects o f exogenously
administered corticotropin-releasing hormone-like peptides
on cardiac function, although these may depend on the
route o f administration. For example, heart rate, cardiac
output and mean arterial pressure are increased when
corticotropin-releasing hormone is given into the cerebral
ventricles (8 -1 0 ), although mean arterial pressure is de
creased by intravenous injection (11,12). In contrast, intra
venous injection o f Ucn into conscious sheep increases mean
arterial pressure, together w ith heart rate, cardiac output
and coronary blood flow (13). However, because both
corticotropin-releasing hormone (14) and Ucn (15) have
been shown to stimulate atrial natriuretic peptide release
from cultured neonatal rat cardiomyocyte (C M ), some o f

156

ScarmWU efaA
Hemodynamics of Ucn In I/R

Abkrevîatioiut and Aemttyirm
ATP
= adenosine triphosphate
BS
= buffer solution
= coronary flow
CF
CM
= caidiomyocytc
^ CPK
— creatine phosphokinase
C3
— caspase 3
dP
= diastolic pressure
DP
= developed pressure
= endothelial cell
EC
I/R
= ischcmia/repcrfusion
TUNEL = terminal deoxynucleotidyl transferase
mediated nidc aid labelling
Ucn
= urocortin

their physiologic effects may be indirect. In contrast, Ucn
perftised through the isolated rat heart has a coronary
vasodilator effect and enhances left ventricular pressure (16),
and this effect must be atrial natriuretic peptideindependent. In agreement with the presumed role o f
corticotropin-releasing hormone-R2 in mediating the ef
fects o f Ucn on the heart, intravenous Ucn does not affect
cardiac function in corticotropin-releasing hormone-R2
knockout mice (17).
W e have previously reported that exposure o f cultured
neonatal C M to I/R increased Ucn messenger ribonucleic
acid abundance and release o f Ucn peptide (18). The
addition o f exogenous Ucn reduced necrotic and apoptotic
myocyte death after simulated I/R in cultured C M , and also
reduced infarct si% in the Langendorff perfused heart
exposed to I/R , even when addition o f the peptide was
d ^ y e d until the onset o f R (19). In the present study, we
have examined these cytoprotective effects in more detail
and asked whether the beneficial effects o f Ucn on myocyte
survival are associated w ith an equally marked improvement
in fiincztional recovery. TTie isolated heart has been preferred
as it allows assessment o f the direct cardioprotective effects
o f Ucn in the absence o f interfering peripheral hemody
namic and neurohumoral alterations. W e demonstrate that
Ucm exerts a cytoprotective action that is independent from
a negative inotropic effect and is associated w ith both
recovery o f cardiac performance and reduced depletion o f
endogenous high-energy phosphates.

METHODS
Animal model. M ale Sprague-Dawley rats weighing 300 g
to 350 g were anesthetized by sodium pentobarbital (6 mg
kg“ ^ administered intraperitoneally) and sacrificed by de
capitation. The heart were removed, immersed in an icecold modified Krebs-Hensleit buffer solution (BS) and
subsequently perfused by the nonrecirculating Langendorff
technique at a constant flow o f 11 m l/m in as previously
described (20). The heart rate was continuously maintained
at 300 beats/min by electrical pacing, and the left ventricular
wall was kept at tiie steady temperature o f 37“C . A fter a
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period o f stabilization o f at least 30 min, the isolated hearts
were randomly divided into six groups o f six hearts each.
Group A (I/R control) and three treated groups (R , C and
D ) were continuously perfused for 60 min, made globally
iscJiemic for 35 m in and reperfiised for 60 min. Treated
hearts were then perfused w ith Ucn dissolved in the perfus
ate at the dose o f 10~® M either 60 m in before I alone
(group B), 60 m in before I and during R (group C ) or
during R alone (group D ). Finally, two other groups (E
and F ) were simply perfused for 2 h w ith either BS or Ucn
(10“ ® M ).
Left ventricular pressure. To obtain an isovolumetrically
beating preparation, a latex balloon filled w ith saline,
connected by a catheter to a Statham transducer (P 23 X L ,
V W R International, MUan, Italy), was inserted into the left
ventricle through an atriotomy and secured by a suture
around the atrioventricailar groove, ih e ballcxm was inflated
to provide an end-diastolic pressure < 1 .0 mm H g (20).

Assfy o f creatine phosphokinase in the coronary efflu
ent. During each perfusion, the coronary effluent was
collected at different time points in chilled glass vials and
promptly assayed for creatine phosphokinase (C P K ) activity
by spectrophotometry, as previously reported (21).
Aasay o f hig^-energy phosphates. A fter each perfusion,
the hearts were freeze-clamped w ith aluminum tongues
precooled in liquid nitrogen. Separation and quantification
o f adenosine triphosphate (A T P ) and creatine phosphate
were performed in ventricular tissue extracts by using a
reversed-phase 3-/rm C l8 column, as previously described

(22).

Caspase 3 (C3) activity measurement (aspart}^ glutamylvalyiaspartic add cleavage enzyme ass^ ). Cardiac activa
tion o f C3 was evaluated in tissue extracts using a commer
cial k it (caspase-3/CPP32 Fluorom etric Assay K it,
Biovision, M ountain View, California) w ith the following
charges to the recommended protocol. Cardiac ventricular
tissue from each group was placed in ice-cold lysis buffer and
subsequently homogenized. The homogenates were centri
fuged at 750 X g- for 5 min at 4"C. Supernatants were then
centrifuged at 10,000 X g for 15 m in at 4“C . Enzyme
reactions were performed w ith ~ 3 0 0 /jg o f cytosolic pro
teins per assay and a final concentration o f 50 /xM aspartyl
glutamyivalylaspartic add—7-am ino-4-trifluorom ethyl courmarin. Samples were read in a fluorimeter equipped w ith a
400-nm exdtation and a 505-nm emission filter. Foldincrease in C3 activity was determined by comparing fluo
rescence o f 7-am ino-4-trifluorom ethyl courmarin in control
and treated hearts w ith BS perfused control.
Preparation and staining o f sections. Serial 5 jxm sections
were cut from paraffin blocks and, after dcwaxing and
heat-mediated antigen retrieval, stained w ith terminal de
oxynucleotidyl transferase mediated nick end labeling
(T U N E L ) reagents and propidium iodide. In other sec
tions, T U N E L staining was combined w ith anti-desmin or
von W illebrand factor antibodies to selectively identify C M
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and cododieUal cells (E C ), respectively (23,24). A fter wash
ing, slides were, mounted and examined by coo&caJL ftuoresceut microscopy as described before.
Data are expressed as the means o f 12 to 15 Wgh power
fields ± SD.
Stftfistie», Analysis o f covariance, w ith fime as the covariate and post-hoc analyses were used to test the principal
component w ith contrast. The Borrferrotn correction was
then applied «îm I p values < 0 .0 5 were considered signifi
cant.

RESULTS
Mcdianicsd fim ctron. Developed pressure and dP in con
trol and treated hearts exposed to I/R are shown in Figure 1.
Untreated hearts showed a constant D P (103.3 ± 9.8 mm
vdth no change in dP during stabilisation and aerobic
perfusion (Fig. la ). Abohtion o f the coronary Sow (C F )
caused a rapid decline in D P . Diastolic pressure started to
rise 10 min after I (27.7 ± 8.2 mm H g) and progressively
Increased during the ischemic phase, reaching 30.7 ± 5.3
mm H g at the end o f I. W ith restoration o f C F, dP was
further augmented. A fter 5 min R , it reached a peak o f
55.7 ± 12.1 mm H g and then slowly decreased to 51.0 ±
11.3 mm H g at the completion o f R. In addition, the I/R
control group showed only Emited recovery o f D P , which
increased to 64.5 ± 8.3 mm H g by the end o f R.
Administration o f Ucn during aerobic perfusion had no
effect on the hemodynamics o f isolated hearts, apart from a
transient, nonsignificant increase in D P during the first
phase o f infusion (p > 0.05 vs. I/R control, Fig. lb ).
However, in the hearts treated w ith Ucn before I alone (Fig.
lb ) as well as before I and during R (Fig. Ic ), Ucn
significantly reduced the progressive rise o f dP observed
during I (14.3 ± 3.2 mm H g and 13.5 ± 3.2 mm H g in
groups B and C , respectively, after 30 min I, p < 0.05 vs.
I/R control), and, in both g^oups, recovery o f dP after R was
complete. In the same groups (B and C , Figs. lb and Ic ),
Ucn produced a rapid recovery o f D P , which began after
only 1 m in o f R (44.0 ± 6.9 mm H g and 52.8 ± 7.2 mm
H g , respectively; p < 0.05 vs. I/R control), and which
progressively improved w ith partial (group B) and complete
(group C ) nnrmalizarion (86.0 ± 7.9 mm H g and 110.4 ±
12.8 mm H g , respectively; p < 0.001 vs. I/R control) at the
end o f R. Isolated hearts from group D , treated w ith Ucn
only during R (Fig. Id ), also showed a significantly im 
proved post ischemic D P recovay (8 2 3 ± 8 3 mm H g , p <
0.001 at the end o f R) w ith progressively diminishing dP
values over the length o f R (29,1 ± 5 3 at 10 min; p < Oj05
vs. I/R control 4md 25.3 ± 4.1 at 60 min: p < 0.001 vs. l/R
control).
Hence, Ucn has nn effect on D P and d P in control
perfused hearts^ but ameliorates the fafi in D P and the rise
in dP <^5served during I/R , when given befisre the onset o f
the ischemic insult. Pre- and pwtischemic treatment w ith
Ucn produces compfete recovery o f dP and D P , while
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preischemic treatment only results in normalization o f dP
and
te^Qtatkotk o f D P , during K Progressive but
partial recovery o f both dP and D P is also seen when Ucn is
ofdy given after restoration o f the flow.
CPK
Figure 2a shows the effects
Ucn on
R-induced release o f C PK, a typical index o f cell damage.
During the aerobic preischemic period, only small amounts
o f C PK were released. Urocortin did not affect the release
curve o f the enzyme. In contnd hearts exposed to I/R , R
resulted in markwl and sustained release o f C PK, which
peaked at 30 m in from the restoration o f flow (1,785 ± 88
at 3 0 m in R ). Urocortin administered both 6ft m in before I
alone, and before I and during R significantly attenuated the
cardiac C P K release (62ft ± 46 and 51ft ± 43 after 3ft min
R , respectively; p < ft.001 vs. I/R control). Consistent w ith
the hemodynamic findings, the release o f C PK into the C F
was reduced even when Ucn treatment was performed only
during R (1,005 ± 56; p < 0.05 vs. I/R control). Therefore,
Ucn given before I alone, before I and during R, and during
R alone significantly reduces C PK release during the reper
fusion phase.
A T P and creatine phosphate tissue reserves. The cardiac
levels o f A T P and creatine phosphate assessed after 2 h o f
aerobic BS perfusion are reported in Figure 2b. The infusion
o f Ucn over the aerobic phase did not modify the reservoir
o f both high energy molecules. In ischemic-reperfiised
control hearts, the endogenous stores o f A T P and creatine
phosphate e\^uated at the end o f I showed a dramatic
decline (5.4 ± 0.9 and 4.95 ± 0.7, respectively), which R
failed to normalize (6.6 ± 1.3 and 6.3 ± 1.1, respectively).
Preischemic infusion o f Ucn reduced the tissue drop o f A T P
and creatine phosphate levels measured both at the end o f 1
(12.5 ± 2.2 and 11.6 ± 1.8, respectively; p < 0.05 vs. I/R
control) and R (13.4 ± 2.4 and 18.7 ± 3.5, respectively, p <
0.001 vs. I/R control). Adenosine triphosphate and creatine
phosphate contents were maximally preserved in hearts
receiving Ucn both before I and after R (16.2 ± 2.8 and
25.5 ± 4.3, respectively; p < 0.0001 vs. I/R control). The
administration o f Ucn only during R resulted in a small
recovery o f tissue A T P and creatine phosphate contents,
which failed to reach reach statistical si^iificance (7.9 ± 1.8
and 7.1 ± 1.5, respectively; p < 0.05). Hence, Ucn
administered before I alone and before I and during R
partially restore A T P and creatine phosphate tissue levels
both after I and R Urocortin only ÿven d u rir^ R has no
significant effect on tissue reserves o f both h i^ energy
molecules measured after R .
Evaluation o f C 3 a c tiv i^ in tissue extracts. Apoptosis is
one fomv o f cell death after l/R injury and is mediated
through sequential activation o f the caspase cascade.
Ca^ase 3 is one o£ the terminal effector caspases, which
cleaves faibstrates important for cell survivd, and the level o f
C 3 activity is, therefore, an important marker o f the level o f
apoptosis. W e, therefore, used an en^^natic assay to mea
sure the activity o f C 3 at tire end o f R in each cff the
treaunent groups (Fig. 2c). W e also employed an antibody
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i^)ecl6c ib r active* cleaved C 3 tn evalm.te.the tetel mimher
o f E C and. C M ^ which contained active 0 3 (Eig. 2c)., T he
number o f positive cells is expressed as the mean o f 15
neighboring high power fields.
Caspase 3 acdvity, and the ^nmbent o f acdve C 3 positive
ceUs> were maximally reduced when Ucn was given p re -î
and before I and ^during R {p < 0.001 vs. BS perfused
eemteol); A significant (p < 0:05) reduction in both enzyme
activity and active CS-positive cells was still observed even
when Ucn was administered only during R.
Aswssment o f apoptosis by T U N E L . Term inal deoxynudcotidyi transferase mediated nick end labelling is a com
monly used method for detecting the oligonudeosomal
deojgnibonudeic add fragmentation characteristic o f endstage apoptotic cells. W e have previously shown that cells
positive for active 0 3 œlocalize w ith TU N EL-positive cells
(24). Figure 2d shows die numbers o f active 0 3 and
T U N E L-positive EO and O M in the different treatment
groups.
In agreement w ith our previous study (24), more E C than
C M show evidence o f apoptosis after I/R as assessed by
both techniques. Preischemic treatment w ith Ucn produced
a highly significant reduction in these markers o f apoptotic
cell death in both cell types (groups D and E: p < 0.001 vs.
l/R control). Though less profound, the reduction in
apoptosis when Ucn was only given during R remained
significant (group E: p < 0.001 vs. I/R control).

DISCUSSION
This study shows that administration o f the endogenous
cardiac peptide, Ucn, at a dose o f 10~® M , reduces necrotic
and apoptotic cell death in the isolated rat heart exposed to
I/R and, in parallel, partially prevents depletion o f cellular
energy stores w ith enhancement o f ventricular function.
These beneficial effects, apart from the preservation o f
myocardial high eneigy reservoirs, are still seen when Ucn
perfusion is performed only during R, suggesting that Ucn
may have therapeutic potential in the management o f
myocardial infarction.
Experimental model. In our study, we have intentionally
used the isolated paced rat heart exposed to zero flow
ischemia in order to assess the direct effects o f Ucn on the
heart without the influence o f secondary peripheral effects o f
the peptide. Developed pressure and dP are commonly used
methods for assessing cardiac dysfunction after l/R injury
(25) and for evaluating the efiicacy o f candidate cardiopro
tective agents (26). A t the
M concentration used, Ucn
did not show a significant inotropic efiect when ^ven befinre
I during the aerobic period. However, when given pre-I,
pre-I and during R and during R alone, Ucn produced
significant functional recovery.
EAsct o f Ucn on cell death. The degyee o f cardiac dysfonction after I/R injury reflects the level o f myocyte injury
and death. W e have previously shown, in isolated rat hearts
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exposed te 35 ntin i, that TU N E L-positive E C appear after
5 ntin and TU N EL-positive C M w ithin 1 h o f R. C o îk is ten t w ith ^ ir jnevious findings that Ucn given both before
and after a simulated ischemic insult in the intact rat heart
Tcduccd -infarct size (19), in the present study Ucn -reduced
both C PK release and the numbers o f apoptotic cells, even
when only administered during R. Urocortin administration
significantly reduces activation o f C 3, as well as oligonudeosomal deoxyribonucleic add fragmentation, in both E C
and C M .
Mechanisms o f Ucn-mediated cardioprotection. C ell
death after injury, and the form that it takes, is largely
dependent on levels o f intracellular A T P and other high
energy phosphates (27). For example, viable cells have an
A D P :A T P ratio o f < 0 .1 1 , apoptotic cells a ratio o f between
0.11 and 1.0 and necrotic cells a ratio o f up to 15 (28). The
Ucn-induced recovery o f A T P stores, w ith reduction o f the
intracellular A D P :A T P ratio, might allow damaged myo
cytes that would otherwise die by necrosis to die by the
alternative apoptotic pathway. Because necrosis, unlike ap
optosis, is associated vrith release o f intracellular contents
and subsequent inflammatory reaction, reduction in the
proportion o f necrotic death w ill result in a smaller final
lesion, w ith functional benefit. Th e reduction in C PK
release produced by Ucn treatment (Fig. 2a) would be
consistent w ith this interpretation. Similarly, restoration o f
A T P in damaged cells predisposed to apoptosis may allow
them to remain viable, again consistent w ith the data in
Figures 2c and 2d.
One critical role for A T P is in the cytochrome
C-mediated formation o f Apaf-l/procaspase-9 complexes,
which results in the activation o f the initiator caspase-9 after
mitochondrial injury (29), and we have previously shown
that caspase-9 is the only initiator caspase activated in
hypoxic neonatal cardiac myocytes (30). The partial resto
ration o f A T P and creatine phosphate levels at the end o f
both I and R suggests that Ucn acts on mitochondria to
maintain the respiratory transport chain, thus preventing
mitochondrial injury. One mechanism for these mitochon
drial effects o f Ucn may be its ability to increase expression
and function o f die mitochondrial
charmel (Lawrence
et al., unpublished data, 2002), which has been implicated
in cardioprotection (31).
Study implications. The data reported here have several
important implications. First, because Ucn is an endogenous
cardiac peptide, basal levels o f Ucn may determine the
degree o f cell loss and functional compromise in individual
patients sufiering from myocardial infarction. Second, be
cause endogenous levels o f Ucn are increased by I/R irqury
(5), raised basal levels o f Ucn may play a role in the
preconditioning effect. Finally, the fact that Ucn improves
both cell survival and ventricular performance even when
onty given during R suggests that Ucn may be clinically
useful in the management o f established inftuction.
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Different Signaling Pathways Induce Apoptosis in
Endothelial Cells and Cardiac Myocytes During
Ischemia/Reperfusion Injury
Tiziano M. ScarabeUl, Anastasis Stcphanou, Evasio Pasini, Laura Comini, Riccardo Raddino,
Richard A. Knight, David S. Latchman
Abstract— Apoptosis contributes, with necrosis, to the cardiac cell loss after ischemia/reperfusion injury. The apoptotic
cascade is initiated either by mitochondrial damage and activation o f caspase-9 or by death receptor ligation and
activation o f caspase-8. In the present study, performed in the isolated rat heart exposed either to ischemia alone or
ischemia followed by reperfusion, cleavage o f caspase-9 was observed prim arily in endothelial cells. Conversely,
caspase-8 cleavage was only found in cardiomyocytes, where it progressively increased throughout reperfusion.
Addition o f a specific caspase-9 inhibitor to the perfusate before ischemia prevented endothelial apoptosis, whereas
preischemic infusion o f a specific caspase-8 inhibitor affected only myocyte <apoptosis. Additionally, caspase-8mediated B ID processing was observed only during reperfusion. Production o f tB lD Aen sustains mitochondrial injury
and perpetuates caspase-9 activation. (C irc Res. 2002;90:745-748.)
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poptosis is an active form of cell suicide affecting both
endothelial cells and cardiac myocytes during Ischemia/ ^
reperfusion injury. Mitochondrial damage leads to activation of
the initiator pmtease, caspase-9, ^Wnch
propagates
cascade of downstream caspascs. In contrast, ligaticm of death
receptors, such as Fas, activates caspase-8, which also then
processes downstream effector enzymes.' Enzymatically active
caspase-8 cleaves BID, and the truncated pwotein, tBID, relocates
to the mitochondria where it induces caspase-9 processing.^
In this study, we have addressed three questions in the
isolated rat heart: the level of enzymatic activity of the two
initiator caspascs during ischemia versus reperfusion; Ëic
selective contribution of these caspascs to apoptosis of
endotiielial cells and myocytes; and the role played by B ID in '
linking the two pathways.
j^ j p p ||^

A

hearts were perfused for 20 minutes either widi a specific and
irreversible inhibitor of caspase-8 (Z-lEDT.fink; C8i) or caspase-9
(Z-LEHD.fmk; CASPASE-%), at a dose of 0.07 /xmol/L. Finally, 20
mtooM bqhm wcbemia^ ttm eeher treated groups subjected to 35
* o f g^3bal ischemia ind *20 minutes of reperfusion received
either a pan-caspase inhibitor (Z-VAD.£mk; 0.1 /u,mol/L) or a
specific and irreversible inhibitor of caspase-3 (Ac-DEVD.cmk; 0.07
/xmol/L; C3i). All caspase inhibitors were firom Calbiochem.

Caspase-8 and Caspase-9 Enzymatic
A ctivity M easurem ent
Cardiac activation of caspase-8 and caspase-9 was evaluated in tissue
exttacts using commercial kits (BioVision; see online data supple
ment available at http://www.circresahaorg).

Im m unocytochemical Staining

Myocardial sections were stained wittt antibodies recognizing the
deaved active form of caspase-8 and caspase-9 (BioVision; see
online data supplement). Other sections were stained with TUNEL,
labeled with anti-desmin (Research Diagnostics Inc) or anti—von
Materials and Methods
L W^Uebrand
antibodies (Boehringer Mannheim Biochemica), coun
terstained with propidium iodide, and finally analyzed by confocal
Treatm ent Protocols
,y ,
Isolated Langendorff-perfused rat hearts^ were randomized t o \ ^ | ^ | ,|i^d»ri^nt microscopy.)
groups, each of at least 6 animals. The care and use of the animals
W estern Blotting
in this study were in accordance with the Guidance of the Animal
Antibodies anti-cytochrome c (Cytc) and anti-BlD (Santa Cruz
(Scientific Procedures) Act 1986, UK. The animals were purchased
Biotechnology) were used to process fi’ozen samples from each heart
firom Charles River Italia S.p.a. (a division of Charles River
by Western blotting (see online data supplement).
Laboratories, Wilmington, Mass). The control group was bufferperfused for 60 minutes; 4 ischemia/reperfusion control groups and
Statistical Analysis
as many treated groups were exposed to 35 minutes of global
ischemia either alone or followed by 5, 60, and 120 minutes of
Significance was evaluated using the ANOVA test. A value of
P<0.05 was considered significant
reperfusion, respectively. Before induction of isdiemia, treated
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Figure 1. Caspase activation and TUNQ. poeitivity in endothelial o e k 0EQ andcaRtom yocytes (CM) after ischemia/reperlusion (l/FQ. Caspase-8
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An expanded Materials and Methods section can be found in ttie
online data supplement available at http://www.circresaha.org.

Results
In agreement with our earlier results in cultured myocyte#,'*
enzymatic assay shows that caspase-9 activation starts
ischemia and increases during reperfusion. In contrast,
caspase-8 is functionally active only in hearts exposed to
ischemia/reperfusion (Figure 1A).
By immunocytochemistry, in hearts receiving only ische-. .
mia, expression of cleaved caspase-9 is signifidantly in- IN
BID dravagc

creased in cardiomyocytcs and even more in endothelial cells
(4.7±0.65% and 6.8±0.54% , respectively; P<0.05 versus
controls) (Figure IB). In the same hearts exposed to ischemia
alone, consistent with the level o f caspase enzymatic activity,
dlnavage o f caspase-8 is not observed in any cell type. The
Proportion o f endothelial cells positive for activated
caqi)ase-9 rises dramatically in ischemic/reperfused hearts,
pbaking after 1 hour o f reperfusion (35.9±3.1%; P<0.001
versus control). In contrast, cleavage of caspase-9 in cardiomyocytes remains stable after 5 and 60 minutes of reperfu
sion and halves at 120 minutes o f reperfusion. Finally, in
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F igure 2. Cleavage of BID after ische
m ia/reperfusion (l/R ). A, Fold increase
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inhibitors (081 and C 9i) on the appear
ance o f tB ID after 35 m inutes o f ische
mia (I) and 60 minutes o f reperfusion
(R) (B). Kinetics during reperfusion of
cytosolic translocation of C ytc and
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hearts exposed to ischemia/repofusion, cleavage of caspase-8 is
not observed in endothelial cells. However, the prc^xxti(Mi of
cardiomyocytes positive fOT cleaved caspase-8 progressively
increases throughout reperfusion, reaching its maximum value
after 120 minutes (8.9±1.6% ; P<0.01 versus control).
The percentage of TUNELrpositive endothelial cells and
cardiomyocytes in the hearts (xetreated with caspase-8 and
caspase-9 inhibitws (i) is reported in figure 1C. Preischemic
infusion of caspase-9i dramatically reduces endothelial apopto
sis at all 3 time points of repeifiision. The decrease of cardiomyocyte apoptosis, in contrast, is less pronounced and becomes

Figure 3 . Activation o f caspase-8 (C8) and caspase-9 (C9) after
treatm ent with caspase-8 and caspase-9 inhibitors (C8i and
C9i). The percentage o f endothelial cells (EC) and cardiom yocytes (CM ) staining w ith the antibodies used in panel B after
inhitjitor infusion Is shown in panel A Enzym atic activity, m ea
sured with C 8 - and C 9-specific sut>strates after treatm ent with
the inhibitors, is shown in panel B. Panels C and E show immu
nocytochem istry of cleaved C 9 and cleaved C 8 under the treat
ment conditions indicated (x 4 0 0 ). The central panels of D show
anti-von W illebrand staining at the sam e m agnification; the tw o
right panels show the areas delineated by th e red boxes at
higher m agnification (X650) to dem onstrate desm in banding.

statistically significant only after 60 minutes of reperfusion. The
administraticHi of caspase-8i before ischemia consistently pre
vents TUNEL positivity in cardicxnyocytes throughout reperfusicHi, without significantly affecting endothelial cell death.
Cleavage of B ID assessed by Western blotting is seen in
ischemic/reperfused hearts, but not in hearts exposed to
ischemia alone (Figure 2A). Additionally, B ID processing is
greatly reduced by either Z -V A D or caspase-8i given before
ischemia but is not affected by preischemic administration of
either caspase-9i or caspase-3i (Figure 2B). To test whether
tBID mediates communication between activated C8 and the
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mitochondrial death machinery in the intact heart, we evalu
ated the time kinetics of both B ID processing and mitochon
drial release of Cytc throughout ischemia/reperfusion in
hearts pretreated with caspase-8i and caspase-9i (Figures 2C
and 2D). After inhibition o f caspase-8, processing of B ID is
not observed. However, leakage of Cytc, reflecting the extent
of direct mitochondrial injury in the absence of tBID, is seen
after 5 and 60 minutes of reperfusion but disappears by 120
minutes (Figure 2C). In contrast, when caspase-9 is inhibited
and only caspase-8 is active, B ID processing proceeds
throughout reperfusion and Cytc relocates not only at 5 and
60 minutes of reperfusion but also after 120 minutes (Figure
2D; for ischemia/reperfusion control, see online data supple
ment). At this time, tB ID production parallels the peak of
cytosolic relocation of Cytc, which is not observed when B ID
processing is prevented by inhibition of caspase-8.
Similar results are found evaluating the proportion of
cleaved caspase-8 and caspase-9 in hearts subjected to ische
mia/reperfusion after their selective inhibition (Figure 3A).
Pretreatment with caspase-8i consistently reduces not only
cleavage of caspase-8 in cardioinyocytes but also that of
caspase-9 in both endothelial cells and cardiomyocytes. In
contrast, the caspase-9i diminishes activation of caspase-9 in
endothelial cells and cardiomyocytes but does qpt affect the
propcMtion of cells positive for cleaved caspase-8. Hearts pre-.
treated with caspase-8i, although not caiqM8e-9i, sigoilariy sh o ^
reduction of caspase-8 and caspase-9 enzymatic activities (Fig
ures 3B and 3E). Additionally, whereas both endothelial cells
and cardirxnyocytes are positive fiw active caspase-9 after
ischemia alone and after ischemia/reperfusion, cleaved
caspase-8 staining is only seen in cardiomyocytes after ische
mia/reperfusion (Figures 3C and 3D). Figure 3D confirms this
identirication of the cell types by staining the same sections wifll
anti-von Willebrand and anti-desmin antibodies.

Discussion
This study shows that caspase-9 is activated during ischemia
and remains activated throughout reperfusion in the intact rat
heart exposed to ischemia/reperfusion injury. In contrast,
processing o f caspase-8 is only triggered during reperfusitHi.
Apoptosis of endothelial cells seems to be mediated com
pletely by caspase-9 activation. Cardiomyocyte apoptosis
relies on active caspase-9 during ischemia and early in
reperfusion but shows an increasing dependence on caspase-8
activation later in reperfusion. Therefore, different initiator
caspascs are processed during different phases of ischemia/
reperfusion injury and differentially trigger apoptosis in
endothelial cells and cardiomyocytcs.
The apparent resistance of endothelial cells to apoptosis
after death receptor ligation and caspase-8 activation may
reflect their high levels o f expression of FLIP (FLICE
inhibitory protein), an endogenous inhibitor of caspase-8
activation.* Synthesis of death receptor ligands such as FasL
and tumor necrosis factor-a has been demonstrated in iso
lated rat hearts early in reperfusion, and hearts from mice
with a dysfunctional Fas receptor have fewer apoptotic cells
after reperfusion.'* This suggests that cardiomyocyte apopto

sis during reperfusion may be mediated by Fas Ugation and is
consistent with our observation of caspase-8 activation only
during reperfusion. However, others have shown a critical
role for free radicals and mitochondrial damage in the
cardiomyocyte apoptosis induced by ventricular pacing,^ and
the relative contribution of these two mechanisms to myocyte
death remains to be fully clarified.
Our results on differential initiator caspase activation depend
partly on die use of selective caspase inhibitors. Although the
absolute specificity of these may be questioned, their use at
submicromolar ccxicentrations together with their in vivo effects
(see Figures 3A and 3B) suggests that specific inhibition is being
obtained under the experimental conditions used. Similarly, the
previously documented specificity of the antibodies for the
cleaved active forms of the respective caspases is supported by
the general agreement between the immunostaining data and the
enzymatic activity assays.
Our data further suggest that sustained activation of caspase-9
seen during reperfusion may depend on caspase-8-mediated
cleavage of BID. Other caspases, such as caspase-3, as well as
non-caqrase proteases such as calpain," have also been shown
to cleave BID, resulting in its mitochondrial translocation.
Although the caspase-8 inhibitor reduces BID cleavage, the
caspase-3 inhibitor is ineffective. Our data do not, however,
exclude a contribution by calpain to BID cleavage.
These data, showing differences in initiator caspase activation
TjDver time, and between endothelial cells and cardiomyocytes,
suggest that apoptosis after ischemia/reperfusion injury is not a
homogenous process. Further understanding of the differential
contribution of caspase-8 and caspase-9 may reveal new selec
tive targets for minimizing cell loss after infarction.
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Apoptosis of Endothelial Cells Precedes Myocyte Cell
Apoptosis in Ischemia/Reperfusion Injury
Tiziano Scarabelli, MD; Anastasis Stephanou, PhD; Neil Rayment, BSc; Evasio Pasini, MD;
Laura Comini, MSc; Salvatore Curello, MD; Roberto Ferrari, MD, PhD;
Richard Knight, MD, PhD; David Latchman, PhD, DSc
Background— Apoptosis contributes to cell loss after ischemia/reperfusion injury in the heart. This study describes the time
course and level of apoptosis in different cell types in the intact heart during ischemia/reperfusion injury.
Methods and Results— Isolated Langendorff-perfused rat hearts were subjected to perfusion alone (control) or to 35
minutes of regional ischemia, either alone or followed by 5, 60, or 120 minutes of reperfusion. Sections were stained
by terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling CTUNEL) and propidium iodide and with
anti-von Willebrand factor, anti-desmin, or anti-active caspase 3 antibodies; they were then visualized by confocal
microscopy. Sections were also examined by electron microscopy. No TUNEL-positive cells were seen in control hearts
or hearts exposed to ischemia alone. Early in reperfusion, TU N EL staining was colocalized with endothelial cells from
small coronary vessels. Endothelial apoptosis peaked at 1 hour of reperfusion and, at this time, there was clear
perivascular localization o f apoptotic cardiac myocytes, whose number was inversely proportional to their distance from
a positive vesseL After 2 hours of reperfusion, apoptotic cardiac myocytes assumed a more homogeneous distribution.
Active caspase 3 labeling was seen independent o f D N A ffagmentation during ischemia alone, but it colocalized with
TU N EL staining over the 3 time points o f reperfusion. Immunocytochemical findings were confirmed by electron
microscopy and Western blotting.
Conclusions— In the very eariy stages of reperfusion, apoptosis is first seen in the endothelial cells from small coronary
vessels. The radial spread of apoptosis to surrounding cardiac myocytes suggests that reperfusion induces the release of
soluble pro-apoptotic mediators from endothelial cells that promote myocyte apoptosis. ((Circulation. 2001;104:253256.)
Key Words: apoptosis ■ endothelium ■ ischemia ■ reperfusion

mediate the a p to tic program. Apoptotic stimuli, such as
ischemia/repeifusicn iquiy, activate the caspase cascade and the
final cleaved forms of effector caspases, such as caspase 3 (C3),
then cleave substrates impoitant in the maintenance of cellular
in t^ri^. Therefore, an additional metiiod for assessing apopto
sis is to measure the appearance of active caspases, such as C3.
Colocalization of cleaved C3 with TP cells has previously been
used to identify apoptotic cells in the ischonic heart.^
In this study, we determined whether apoptosis in cardiomyocytes and in noncardiomyocytes proceeds with different
time kinetics in the isolated, perfused rat heart exposed to
ischemia/reperfusion injury.

poptosis is a genetically programmed form of cell death
that is mediated by tiie activation of the caspase cascade
and results in the cleavage of protein substrates and oligonucleosomal fiagmentation of DNA. Apoptosis has become
increasingly recognized as one mechanism of cell death
during ischemia/reperfusion injury,^ although the relative
contribution of necrosis and apoptosis to total cardiac cell
loss remains controversial. Although the specificity of termi
nal deoxynucleotidyl transfaase-mediated dUTP nick-end
labeling (TUNEL) for detecting the DNA fragmentation
characteristic of apoptotic cells has been questioned,^-*
TUNEL-positive (TP) cells are not seen in normal hearts or in
the unstained necrotic areas produced by prolonged ische
mia.' The ability of TUNEL to detect apoptosis specifically is
furth^ validated by molecular probes capable of recognizing
différait aspects of DNA fragmentation,*^ which clearly
differaitiate apoptosis from necrosis.
DNA fragmentation and the characteristic apoptotic morphol
ogy are end stages of the complet set of molecularprocesses that

A

Methods
Animal Model
Hearts from anesthetized adult male Sprague-Dawley rats were
mounted in a Langendorff perfusion apparatus, and ischemia/reperfusion was performed as described previmisly."^ Isolated hearts were
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divided into 5 groups (6 hearts per group). Control hearts were
continuously perfused. The second group was exposed to 35 minutes
of ischemia alone, which was achieved by occlusion of the left
coronary artery. After 35 minutes of ischemia, the remaining groups
were reperfiised for 5, 60, and 120 minutes, respectively. At the end
of each experiment. 0.5 mL of Evans Blue solution was slowly
infused to delineate the risk area.

Preparation and Staining of Sections
Serial 5-fjoD. sections were cut from paraffin blocks and, after
dewaxing and heat-mediated antigen retrieval, were stained with
TUNQv reagents, propidium iodide, and anti-desmin antibody, as
previously described.* Two additional staining reactions were used;
in the first, sections stained with TUNEL reagents were incubated
with mouse anti-von Willebrand factor antibody (Boduinger Mann
heim Biochemica) to identify endothelial cells (EC) and were then
counterstained with rhodamine-conjugated anti-mouse secondary
antibody (DAKO). In the second reacticm, TUNEL-stained sections
were incubated with an antibody that specifically recognizes the
active form of C3 (Santa Cruz Biotechnology, Inc). After washing,
slides were counterstained with rhodamine-conjugated anti-rabbit
antibody (DAKO), washed, mounted, and examined by confocal
microscopy as described before. Data are expressed as the mean± SD
of 12 to 15 high power fields.

Western Blotting and DNA Laddering
Cardiac ventricular cells from each group were homogenized in lysis
buffer, electrophœesed on 8% SDS-polyacrylamide gels, and West
ern blotted with anti-active C3 antibody, as previously described.'®
Oligonudeosomal DNA fragmentation was visualized on 1.2%
ethidiiun bromide-stained agarose gels.

Electron Microscopy
Tissue samples were fixed and embedded for electron microscopy
analysis, as previously described, with minimal modifications."
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Statistics
Significance was evaluated using ANOVA. P<0.05 was considered
significant

Results
Endothelial Cell and Myocyte Apoptosis
No TUNEL staining was detectable in any cell type in control
hearts or after 35 minutes of ischemia alone (Figure la). TP
cells forming fluorescent rings, representing sections of small
coronary vessels, were normally the only positive cells
detected after 35 minutes of ischemia followed by 5 minutes
of reperfusion (Figures lb and Ic). The endothelial origin of
these cells was confirmed by colocalization of TUNEL
positivity with anti-von Willebrand factor antibody staining
(Figure Id). At this time, a few positive vessels sometimes
exhibited a small perivascular cuff of TP cardiomyocytes
(Figure le). With 60 minutes of reperfusion, significantly
more EC, including those in larger vessels, had become TP
(Figure If; P<0.02), and the perivascular ring of TP and
desmin-positive cardiomyocytes expanded further from the ves
sels (Figure Ig). The range and mean diameters of TP vessels
with increasing reperfusion times is shown in Figure 2a.
Superimposition of a radial grid revealed that the number
of TP cardiomyocytes progressively decreased with distance
from the vessel after both 5 and 60 minutes of reperfusion
(Figure 2b). The proportion of apoptotic cardiomyocytes was
increased after 2 hours of reperfusion (P<0.05 compared
with 5 and 60 minutes of reperfusion), although the propor-

#

Figure 1. a, Control heart exhibiting no yellow TP cells: orange
nuclei were stained by propidium iodide, b and c. Heart
exposed to ischemia/reperfusion for 5 minutes. TP EC appear
yellow, whereas nonapoptotic nuclei stained by propidium
iodide remain red/orange, d, Longitudinal section of a vessel
showing endothelial colocalization of TUNEL (yellow) and antivon Willebrand factor (red/orange) after 60 minutes of reperfu
sion. e, Heart exposed to ischemia and 5 minutes of reperfu
sion. TP cardiomyocytes (yellow) surround TP vessel (yellow),
and all negative nuclei were stained red by propidium iodide, f,
Percentage of TUNEL staining and activated C3 (Casp3) expres
sion in EC and cardiomyocytes (CM) at different tim e points. I
indicates ischemia; R, reperfusion. g, Heart subjected to ische
mia/reperfusion for 60 minutes showing a TP vessel (yellow)
with a cuff of TP cardiomyocytes (yellow) whose number
decreases with increasing distance from the lumen. Negative
nuclei are stained red by propidium iodide. Original magnifica
tions: X 200 (b and g), X 400 (a), and X650 (c, d, and e).

tion of TP EC had decreased (Figure If). At this time, TP
cardiomyocytes tended to lose their perivascular localization
and assumed a more homogenous distribution (Figure 2b).

Colocalization of TUNEL Positivity With
Cleaved C3
No cleaved C3 expression was seen in control hearts, al
though a few positive cells appeared after ischemia alone
(Figure If). The highest expression of cleaved C3 in hearts
exposed to isctemia alone was observed in vascular cells;
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that the antibody only recognized the cleaved, active form of C3.
Cells exposed to 60 and 120 minutes of rqiafusion, but not
those exposed to ischania alone or to 5 minutes of reperfusion,
showed classic DNA laddering (Figure 2e).

Electron Microscopy
By qualitative electron microscopic analysis, typical features
of apoptosis were not seen in EC or cardiomyocytes after
ischemia alone (Figure If), but they were apparent in EC after
5 minutes of reperfusion (Figure 2g). Cardiomyocytes with
the characteristic apoptotic morphology were observed to
gether with apoptotic EC after 60 minutes of reperfusion.

Discussion
C

im

Figure 2. a. Range (vertical line) and mean (horizontal bar) diam
eter of TP vessels with increasing reperfusion times, b. Distribu
tion of TP cardiomyocytes with increasing radius from a vessel,
c, Heart exposed to ischemia/reperfusion; tfie 2 central cardiomyocytes show colocalization of TUNEL (yellow) and activated
C3 staining (bright red); all tfie other cardiomyocytes stained
only for propidium iodide (orange), d, W estern blotting of heart
exposed to iscfiemia/reperiusion with anti-activated C 3 antitxxjy. e, Ethidium tirom ide-stained agarose gels of DNA from
confrol fiearts (lane 2), hearts exposed to 35 minutes of ische
mia (lane 3), and fiearts exposed to 5, 60, and 120 minutes of
re p e ^ s io n (lanes 4 to 6, respectively). Lane 1 is a molecular
weight marker and lane 7 is Df\IA from dexam ethasone-treated
thymocytes (positive control), f. Electron microscopy of EC from
heart exposed to ischemia alone and to (g) iscfiemia/reperfusion
for 5 minutes; the latter shows chromatin condensation and
margination. Original magnifications: X 650 (c) and X IO 000
(f and g).

expression was significantly (P<0.03) greater than that in
cardiomyocytes. In the same sections, no TP cells were
detected (Figure If). However, after 5,60, and 120 minutes of
reperfusion, TP cells were colocalized with cells staining with
the cleaved C3 antibody (Figure 2c). The number of EC
positive for cleaved C3 peaked at 60 minutes of reperfusion,
whereas the number of positive cardiomyocytes was still
increasing (Figure If). Similarly, Western blotting showed C3
cleavage in protein extracts from hearts exposed to ischemia
alone and to ischemia/reperfusion (Hgure 2d) and confirmed

This study shows that apoptosis after ischemia/reperfusion
proceeds in a cell- and time-dependent manner. Ischemia
alone is not sufficient to complete the apoptotic death of
myocyte and nonmyocyte cells assessed by TUNEL and
electron microscopy. After 5 to 60 minutes of reperfusion, EC
within initially small, but later larger coronary vessels be
come TP and are associated with a pCTivascular cuff of TP
cardiomyocytes of progressively increasing radius from the
vessel with time. By 2 hours of reperfusion, the proportion of
TP EC had decreased, and the distribution of the positive
cardiomyocytcs had become more homogenous.
Although no TP cells were seen after ischemia alone, some
EC were stained with an antibody that recognizes the cleaved
form of C3. This suggests that ischemia without reperfusion
can initiate the molecular pathway of apoptosis, although
reperfusion is required to complete the DNA fragmentation
and morphological changes characteristic of an end-stage
apoptotic cell. The colocalization of cleaved C3 with TUNEL
positivity after reperfusion would support this interpretation.
This requirement for reperfusion in completing the apoptotic
program is in accordance with several previous studies," '^
although the ex vivo data reported here require confirmation
in vivo. As with TUNEL labeling, the number of EC
expressing active C3 peaked at 60 minutes, when the number
of positive cardiomyocytes was still increasing.
The demonstration that EC apoptosis precedes that of
cardiomyocytes has 2 important implications. FirsL EC DNA
fragmentation after short periods of reperfusion may follow
the release into the restored circulation of a mediator(s)
generated during ischemia that is necessary to complete the
apoptotic process. Second, the radial distribution of apoptotic
cardiomyocytes seen 5 and 60 minutes after reperfusion may
reflect the diffusion into the myocardium of soluble apoptogenic mediators from damaged EC. Several candidate medi
ators for the paracrine apoptosis of cardiomyocytes may be
postulated, including those that ligate a death receptor (such
as tumor necrosis factor-a or Fas ligand) and those that
damage mitochondria (such as free radicals). The potential
involvement of soluble factors in apoptosis after ischemia/
reperfusion injury suggests that strategies based on their
scavenging or inhibition may allow endothelial cell rescue
and protect the myocardium.
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ABSTRACT

Background. Crystalloid and cold blood cardioplegia have been previously
associated with functional and ultrastructural changes in myocytes and the coronary
circulation. Here, we evaluated in the human heart exposed to warm blood cardioplegia
(WBC) the occurrence of apoptosis, the relative contribution of its signalling pathways
and the potential involvement of the endogenous cardiac peptide urocortin as a salvage
mechanism.
Materials and Results. 24 patients undergoing on-pump CABG surgery were
classified into group A and B receiving 40-55 mins and 85-100 mins of cardioplegic
arrest respectively. Two sequential biopsies were obtained from the right atrium at the
start of CABG and 10 minutes after the release of the aortic cross-clamp. W BC induced
myocyte apoptosis, identified as immunocytochemical colocalisation between TU N E L
and caspase-3 positive staining. The proportion of TU N EL positive myocytes (<0.1% in
control hearts) became 3.3+/-0.5% in group A, and further increased in group B (5.1+/0.9% ), exposed to a longer W BC (p<0.001). Processing of caspase-9 was more
pronounced than that of caspase-8, both in group A and group B, providing evidence
that this myocyte apoptosis is mainly sustained by the mitochondrial caspase-9mediated pathway. W BC induced also urocortin expression (17+/-2.3% and 29+/-3.5% in
group A and B respectively. Control hearts: <3%; p<0.001) only in those myocytes,
which were not apoptotic, suggesting that Ucn can effectively protect those myocytes in
which it is produced.
Conclusions. W e conclude that W BC causes myocyte apoptosis but also
induction of Ucn, which ameliorates the myocyte damage associated with on-pump
cardiac surgery.

CONDENSED ABSTRACT

in patients undergoing on-pump cardiac surgery, warm blood cardioplegia,
the state of art of intraoperative myocardial protection, induces myocyte
apoptosis, which is mainly sustained by mitochondrial damage, leading to
caspase-9 activation. This apoptotic cell death, which intensifies with increasing
time of cardioplegic arrest, is fully prevented in myocytes exhibiting enhanced
expression of urocortin and Kir6.1 potassium channel subtype. Protection from
apoptosis is also observed in adjacent myocytes, showing increased expression
of

Kir6.1

only.

Since

we

previously

showed

that

urocortin

induces

cardioprotection in the rat heart through overexpression of Kir6.1, our findings
suggest

that

urocortin

promotes

survival

of

human

myocytes

in

an

autocrine/paracrine manner.
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INTRODUCTION

During cardiopulmonary bypass, the cardioplegic arrest and subsequent
reperfusion inevitably expose the heart to an iatrogenic ischaemia/reperfusion
injury (IRI). Although different cardioplegic techniques (crystalloid, cold and warm
blood cardioplegia) have been developed to prevent this injury\ the protection
given to the heart by cardioplegia is often inadequate, especially for surgical
procedures requiring prolonged cardiac arrest. Previous reports have shown for
instance that both crystalloid^ and cold blood cardioplegia^'^ induce functional
and ultrastructural changes in cardiac myocytes and the coronary circulation. No
corresponding data is yet available concerning warm blood cardioplegia^, which
nowadays seems to be the most effective technique of intraoperative myocardial
protection®.
Apoptotic cell death has been implicated in the pathogenesis of several
cardiovascular diseases, including IRF. However, although apoptosis has been
extensively

proposed

as

one

mechanism

sustaining

the

loss

of

ischaemic/reperfused myocytes, no definitive evidence has been provided so far
about the occurrence and the contribution of apoptosis to the iatrogenic IRI
associated with on-pump cardiac surgery.
The apoptotic process Is mediated by activation of a cascade of proteases
(caspases), which are normally present as inactive zymogens, and which cleave
substrates essential for the maintenance of cellular integrity. This proteolytic
cascade can be initiated in two ways. Mitochondrial damage results in activation

of the apical caspase-9, whereas ligation of a death receptor such as Fas leads
to activation of caspase-8. These two upstream caspases subsequently activate
downstream effector caspases such as caspase-3 and caspase-7. W e have
previously

shown

that,

in

the

isolated

perfused

rat

heart

exposed

to

ischaemia/reperfusion, apoptosis of endothelial cells, which precedes that of
myocytes^, is initiated solely by caspase-9 activation, whilst myocyte apoptosis
involves activation of both signalling pathways®. Although processing of both
caspase-9 and caspase-8 has also been described in the failing human
myocardium^®,

the

relative

contribution

of the

aforementioned

signalling

pathways to any cardioplegia-associated apoptosis in man is currently unknown.
Several molecules have also been shown to inhibit cardiac apoptosis. One
inhibitor, urocortin, is a 40 amino acid member of the corticotropin releasing
factor (CRF) family^\ and Is endogenously expressed in the human heart^^.
There are two types of receptor for this family of peptides, CRF-R1 and CRF-R2,
with CRF-R2 showing at least 10 fold higher affinity for urocortin. CRF-R1 mRNA
expression in the human heart either is not observed or is very weak^®. Amongst
the 3 different splicing isoforms (CRF-R2a, CRF-R2p and CRF-R2y) of CRF-R2,
only CRF-R2a is reported to be consistently expressed in the human heart^^’^^,
although a week and inconstant expression of CRF-R2P mRNA has been
observed in the left atrium^^. The coexpression of urocortin and its cognate
receptor in cardiac myocytes, suggests that endogenous urocortin may exert
autocrine/paracrine effects on the normal and diseased human heart. Biologically
active urocortin, for instance, is released from isolated myocytes exposed to
simulated ischaemia and confers to the culture medium cardioprotective

properties which are abrogated by CRF receptor antagonists^^. Cardioprotection
associated with improved hemodynamic and bioenergetic recovery is also
observed following infusion of exogenous urocortin in the isolated rat heart
exposed to IRI^®.
This background encouraged us to evaluate the occurrence of apoptosis
and the relative contribution of its signalling pathways in human myocytes from
patients exposed to cardiopulmonary bypass, warm blood cardioplegia, and
subsequent reperfusion.

Furthermore, we investigated whether the above

surgical IRI modifies the cardiac expression of urocortin as well as its potential
involvement as a salvage mechanism. Our study shows for the first time that
warm blood cardioplegia induces apoptotic cell death in cardiac myocytes. This
myocyte apoptosis, which was shown to involve colocalisation between TUNEL
and caspase-3 positive staining, appears to be mainly sustained by the
mitochondrial caspase-9-mediated pathway. W e demonstrate moreover that
urocortin expression is increased only in those myocytes that are not apoptotic,
suggesting that endogenous urocortin can also protect the human myocardium
from IRI.

MATERIALS AND METHODS

Patient Population
The study was approved by the Institutional Ethics Committee and all
patients selected gave informed consent prior to enrolment. Twenty-four patients.

11 female and 13 male, admitted for elective on-pump coronary artery bypass
graft (CABG) surgery were classified into two groups (A and B), based on the
duration of the cardioplegic arrest (see table 1). Aortic cross-clamping time
ranged from 40 to 55 minutes (mean: 48±6 minutes ±SD) for group A (12
patients), and from 85 to 100 minutes (mean: 91 ±8 minutes ±SD) for group B (12
patients). The patients of both groups had multiple-vessel disease with angina
pectoris symptoms of NYHA class I I/Ill. Exclusion criteria for the study were: a)
symptoms of angina pectoris and/or heart failure in the week preceding the
operation; b) reduced ejection fraction; c) enlargement or hypertrophy of cardiac
chambers; d) concomitant valvular diseases; e) arrhythmias; f) metabolic
disorders; and g) concomitant liver, pulmonary, or kidney diseases. All the
patients were receiving calcium channel blockers and p-blockers, which were
discontinued, together with all other medication, two days prior to surgery. The
enrolled patients underwent multiple isolated aortocoronary bypass grafts with
internal mammary arteries and saphenous veins.

Surgical Procedure
Anaesthesia and muscle relaxation was induced with propofol (2.0-2.5
mg/kg) and atracurium (0.08 mg/kg), respectively. Propofol was continuously
infused (4-6 mg/kg/h) in order to maintain anesthesia. Ventilation was controlled
with 50% O 2 in air. After median sternotomy, the aorta and the inferior vena cava,
were cannulated and heparin (3 pg/Kg) was administered. CRB was conducted
with non-pulsatile flow at a rate of 2.4 l/min/m^. Following aorta cross clamping,
intermittent antegrade and retrograde warm blood cardioplegia was started.
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Cardioplegia was initiated through the infusion of whole blood (flow rate 300
mi/min) plus 20 mEq/l of K* (flow rate 2 ml/h). The cardioplegic solution was
injected at 37®C for 2 min into the aortic root and then into the coronary sinus.
This dose of cardioplegic solution was injected every 15-20 min. CPB was
maintained with moderate haemodilution (haemotocrit 24-28). After completion of
distal anastomoses, the aortic cross clamp was removed and the construction of
the proximal anastomoses was begun. At the end of the grafting procedure,
protamine (3 pg/Kg) was injected to reverse the effect of heparin. Inotropic drugs
were not used.

Tissue Sampling
Two sequential biopsies were obtained from the right atrium by the same
experienced cardiac surgeon. The first was taken as a control sample at the start
of cardiopulmonary bypass, but before cardioplegia. The second was obtained as
close as possible to the site of the previous sampling about ten minutes after the
release of the aortic cross-clamp. No clinical complication derived from the
sampling procedure described above. Immediately after collection, part of the
biopsy material was fixed in 4% formaldehyde and stored at 4® C for a maximum
of 48 hours. The rest of it was promptly collected in cryovials, snap-frozen in
liquid nitrogen and stored at -80 ®C.

Immunocytochemistry assessment
Serial 5 pm sections were cut from paraffin blocks, and after dewaxing and
heat-mediated antigen retrieval, were stained with TUNEL reagents, propidium
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iodide and an antibody against the cleaved active form of caspase-3 (Santa Cruz
Biotechnology Inc.), as previously described®. Colocalisation of cleaved caspase3 and TUNEL positive staining was used as marker of myocyte cell apoptosis.
Other myocardial sections were stained with an antibody recognizing the cleaved
form of caspase-8 or caspase-9 (BioVision) and subsequently counterstained
with propidium iodide. In another staining reaction, following TUNEL staining,
serial myocardial sections were incubated with an antibody against urocortin or
the Kir6.1 cardiac potassium channel subunit (Santa Cruz Biotechnology Inc.)
and, where appropriate, counterstained with propidium iodide. After washing and
incubation with suitable secondary antibodies (DAKO), sections were analysed
by a confocal microscopist who was blinded to the origin and sequence of the
specimens. Data are expressed as the means of 12-15 high power fields +/-SD.

W estern Biotting
Cardiac specimens pre- and postcardioplegia from both groups of patients
were homogenized in lysis buffer, electrophoresed on 8% SDS-polyacrylamide
gels and Western blotted with anti-active caspase-3, caspase-8 and caspase-9
antibodies as previously described®.

Statistics
Significance was evaluated using the ANOVA test; p values <0.05 were
considered significant.
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RESULTS

TUNEL

is

an

enzymatic

reaction

commonly

used

to

detect

the

oligonudeosomal DNA fragmentation characteristic of end stage apoptotic cells.
In a previous study of our own group, carried out in the isolated rat heart, TUNEL
positive staining was detected only during reperfusion and always colocalized
with caspase-3 positive labelling. Therefore, colocalisation of cleaved caspase 3
with TUNEL positive cells has been used in this study to identify apoptotic cells in
the ischemic human heart. In the control pre-cardioplegic specimens from
patients assigned to both groups, there was no TUNEL staining or processing of
any tested caspases (Fig.1a/b). No cleavage of caspase-3, caspase-8 and
caspase-9 was also seen in frozen samples processed by western blotting. After
40-55 minutes of cardioplegic arrest followed by 10 minutes of reperfusion (group
A), the proportion of TUNEL positive myocytes was 3.3+ 0.5% (p<0.001). TUNEL
and cleaved caspase-3 positive staining was constantly colocalized, although not
all cells labelled by the anti-active caspase-3 antibody were TUNEL positive
(Fig. 1c/d). In patients from group B exposed to a roughly double length of
cardioplegic arrest followed by 10 minutes of reperfusion, the number of cardiac
myocytes labelled by TUNEL was significantly increased compared to group A
(5.1± 0.9%; p<0.001). A significant correlation was observed between the
magnitude of myocyte cell apoptosis and the length of time on bypass.
A parallel rise in the proportion of cardiac myocytes showing activation of
initiator caspases was also observed. By immunocytochemistry, processing of
10
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caspase 9 was more pronounced than that of caspase 8 both in group A and
group B (fig.2a/b/c). However, the level of caspase-8 activation was consistently
higher in the hearts from group B, which were exposed to a longer cardioplegia
time compared to group A (see table 2), Similarly, by western blotting, processing
of

caspase-3

was

observed

in

all

the

bioptic

samples

exposed

to

cardioplegia/reperfusion. Additionally, in the same specimens cleavage of
caspase-9 was more marked than that of caspase-8.
The basal level of urocortin expression detected in control specimens was
less than 3% in both groups (see table 2). However, cardioplegia followed by
reperfusion greatly enhanced urocortin expression in a time dependent manner.
In tissue samples from group A and group B, 17+2.3% and the 29±3.5% of
cardiac

myocytes

respectively exhibited

cytoplasmic positive

staining

for

urocortin, with the increased expression in group B being significantly (p<0.001)
greater than in group A.
Myocytes expressing urocortin at a protein level never showed TUNEL
positive staining, providing evidence that endogenous urocortin effectively
protects those myocytes in which it is produced (Fig.3a/b). Correspondingly,
TUNEL positive myocytes did not express urocortin. In addition, urocortin
positive, TUNEL negative myocytes were surrounded by a cuff of urocortin
negative, TUNEL negative cells (Fig.3c/d). This is, to our knowledge, the first
report showing apparent protection by endogenous urocortin at an individual
cellular level.
In specimens from group B only, the myocytes overexpressing urocortin
were also labelled by an antibody specific for the Kir6.1 cardiac potassium
11

12
channel subtype, in these samples, urocortin positive cells were surrounded by a
cuff of TUNEL and urocortin negative myocytes, showing enhanced expression
of the KirG.1 cardiac potassium channel subunit (Fig.Se). Since we previously
showed that exogenous urocortin enhances the expression of Kir6.1 and
potassium channel blockers abolish urocortin-induced cardioprotection both in
cultures of myocytes and in the Intact heart^®, we believe that the observed
overexpression of KirG.1 in myocytes unlabelled by TUNEL and urocortin
antibody,

is further indirect

evidence

of the

paracrine

urocortin-induced

cardioprotection.

DISCUSSION

This study demonstrates for the first time that effector caspase activation
and DNA fragmentation are produced in human myocytes following warm blood
cardioplegia, and that the degree of myocardial apoptosis is dependent on the
time of cardioplegic arrest. Apoptosis appears to mostly reflect mitochondrial
injury since activation of caspase-9 was predominant over that of caspase-8,
irrespective of the length of cardioplegia. Urocortin expression, was increased in
human cardioplegic hearts, and cells expressing urocortin were protected from
apoptosis. Moreover, viable urocortin positive myocytes were surrounded by a
ring of urocortin negative cells, which, however, expressed the KirG.1 component
of the

K a tp

channel. This suggests that endogenous urocortin exerts both

autocrine and paracrine protective effects in the human heart.
12
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Although

all

TUNEL-positive

cells

also

stained

with

an

antibody

recognising the active form of caspase-3, confirming that these cells were
apoptotic, other active caspase-3-positive cells were TUNEL negative. It is likely
that these latter cells, sampled in a single time window, were undergoing
apoptosis, but had not yet developed the final stage of DNA fragmentation. The
numbers of TUNEL positive cells reported here may, therefore, underestimate
the true level of apoptosis caused by cardioplegic arrest.
DNA fragmentation

has previously been demonstrated,

though not

quantified, in human hearts exposed to cold cardioplegia^. Nevertheless, the
initiating pathways sustaining this myocyte apoptosis have never been defined.
Our study shows that also warm blood cardioplegia, which nowadays is alleged
to be the state of art of intraoperative myocardial protection, induces apoptotic
cell

death

in

cardiac

myocytes.

We

have

previously

shown

in

the

ischaemic/reperfused rat heart that endothelial cell apoptosis precedes that of
myocytes® and is exclusively mediated by activation of caspase-9®. Subsequent
myocyte apoptosis, during reperfusion, is also initially mediated by caspase-9
activation, albeit cleavage of caspase-8 consistently increases with longer
reperfusion times. In human hearts exposed to cardioplegic IRI, mitochondrial
damage, leading to caspase-9 activation, is the main initiator of apoptosis
affecting cardiac myocytes. In contrast, death receptor ligation, which results in
proteolytic activation of caspase-8, appears to be a relatively minor contributor to
myocyte apoptosis, although the magnitude of myocyte apoptosis mediated by
caspase-8 activation might augment, prolonging the length of the reperfusion
phase, after the release of the aortic cross-clamp.
13
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K a tp

channels have been shown to play a crucial role in ischaemic

preconditioning^^ and in cardioprotection post-1 RI, including cardioplegic arrest^®.
W e previously showed that urocortin enhances Kir6.1 expression, and urocortinmediated cardioprotection is abrogated by selective

K a tp

channel blockers^®.

Here we demonstrate that enhanced expression of urocortin by individual
myocytes following cardioplegia appears to protect them from apoptosis, and that
this protective effect is associated with enhanced Kir6.1 expression in the same
viable myocytes. Moreover, myocytes surrounding individual TUNEL negative,
urocortin and Kir6.1 positive cells, are also TUNEL negative. Since these viable
myocytes,

which

cardioprotective

do

not themselves

express

urocortin,

Kir6.1, this suggests that urocortin,

do express the

once

released from

individual myocytes, not only protects the same cells from apoptosis in an
autocrine manner, but also exerts paracrine effects on neighbouring cells,
through enhanced Kir6.1 expression.
In a recent study from our group, exogenous urocortin, given to the rat
heart exposed to l/R, was shown to promote not only cell survival, but also the
post-ischaemic hemodynamic and bioenergetic recovery^®. Since the loss and
the functional impairment of myocytes following cardioplegic arrest directly
reduce cardiac contractility, worsening mortality and morbidity in on-pump
cardiac surgery, we conclude that the supplementation of cardioplegic solutions
with

exogenous

urocortin

may

amplify the

protective

properties

of the

endogenous peptide and confer additional benefit to the human heart exposed to
the inescapable IRI associated with cardiopulmonary bypass surgery.

14
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FIGURE LEGENDS

Fig.1 a Control pre-cardioplegic heart (group A) exhibiting no TUNEL
positive staining or processing of caspase-3. Orange nuclei are stained by
propidium iodide (PI), b Control pre-cardioplegic heart (group B) showing no
processing of caspase-8 or caspase-9. Cells are counterstained with PI. c Postcardioplegic heart (group A): Yellow TUNEL positive nuclei colocalize with
activated caspase-3

positive labelling, which appear bright red. d

Post-

cardioplegic heart (group B): Cardiac myocytes showing colocalisation between
TUNEL (yellow/green nuclei) and cytoplasmic anti-active caspase-3 positive
staining (bright red). Original magnifications: x400 (1a/b/c); x650 (1d).

Fig.2 Serial myocardial sections from a post-cardioplegic heart (group B)
showing activation of caspase-9 (panel b; bright red) and caspase-8 (panel c;
bright green) in cardiac myocytes, as identified by an anti-desmin antibody (panel
a). Original magnification: x400.

Fig.3 Basal expression of urocortin in cardiac myocytes from control heart
(group A). No TUNEL positive cell is detected (panel b). Post-cardioplegic heart
(group B): Cardiac myocytes exhibiting cytosolic urocortin positive staining (bright
red) are constantly TUNEL negative. TUNEL positive nuclei appear yellow (panel
d). Cardiac myocytes are recognisable by the anti-desmin red banding, running
perpendicularly to their cellular body (panels a/c). Original magnification: x400.
18
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Fig.4 Serial atrial sections from post-cardioplegic heart (group B).
Induction of urocortin in cardiac myocytes (bright red cytosolic staining; panel b)
Is associated with TUNEL negativity (TUNEL positive nuclei appear yellow; panel
a), and overexpression of Kir6.1 potassium channel (bright green cytosolic
staining), which is detected non only in urocortin positive cells, but also in
urocortin negative neighbouring cells (panel c). Cardiac myocytes are labelled by
an

anti-desmin

antibody

(panel

a).

Original

magnification:

x400.
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Table 1: C lin ical overview o f the enrolled patients. Data are expressed as
mean ± SO.
Variables

Group A

Group B

Number

12

12

Female

■

Male

'
5

Age

i62±8

64±6

Range aortic cross-clamp (mln)

40-55

85-100

Aortic cross-clamp (mean±SD)

48±6

91±8

Grafts number

3.8±0.6

4.0±0.8

Ejection fraction pre-CAGB

53±6

55±8

Ejection fraction post-CABG

51±11

52±13±

w

m

7

20

21

Table 2: Percentages o f TUNEL, caspase, urocortin a n d KirS.1 po sitive
iabeiiin g in cardiac m yocytes in pre~ a n d postcardioplegia biopsies. Data
are expressed as the means of 12-15 high power fields +/-SD

Groups

Caspase-3

Caspase-8

Caspase-9

Urocortin IK Ire .l

0%

0%

0%

0%

2.3±0.5%

0.9±0.3%

Pre-CP G roups^ 0%

0%

0%

0%

1.9±0.4%

10.6±0.2%

Post-CP GroupA

3.3±0.5%

4.5±0.8%

1.5±0.4%

4.3±1.2%

17±2.3%

1.3±0.6%

Post-CP GroupB

5.1 ±0.9%

6.9±1.1%

3.2±0.6%

7.3±1.5%

29±3.5%

16.7±1.3%

Pre-CP GroupA

j TUNEL

1 ........
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Fig.2 Expression of active caspase-9 and caspase-8 pre- and post-cardioplegic a m
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ABSTRACT

Background. Minocycline is a tetracycline with anti-inflammatory properties,
which is used clinically for the treatment of diseases such as urethritis and rheumatoid
arthritis. Experimentally, minocycline has also been shown to be neuroprotective in
animal models of cerebral ischaemia, as well as to delay progression and improve
survival in mouse models of neurodegenerative diseases. Here, we investigate the
protective effects of minocycline during ischaemia/reperfusion (l/R) injury to a new target
organ, the heart, and its mechanism of action.
Materials and Results. Minocycline significantly reduces necrotic and apoptotic
cell death, both in neonatal and adult myocytes, not only when given prior to hypoxia,
but also at reoxygenation. Moreover, in the intact heart exposed to l/R, pretreatment with
minocycline promotes hemodynamic recovery and cell survival, with reduction of infarct
size, cardiac release of creatine phosphokinase (CPK) and apoptotic cell death. In
regard to its antiapoptotic mechanism of action, we show that minocycline reduces the
expression level of initiator caspases, increases the ratio of XIAP to Smac/DIABLO at
both the mRNA and protein level, and prevents the mitochondria-mediated release of
cytochrome c and Smac/DIABLO. These synergistic actions dramatically prevent the
post-lschaemic induction of caspase activity associated with cardiac l/R injury.
Conclusions. Owing to its safety record and multiple novel mechanisms of
action, minocycline may be a valuable cardioprotective agent to ameliorate the cardiac
dysfunction and cell loss associated with l/R injury.

t

CONDENSED ABSTRACT

Our study shows that minocycline, a tetracycline with proven safety record, is a
novel cardioprotective agent against l/R. Pretreatment with minocycline reduces
the post-ischaemic occurrence of necrotic/apoptotic cell death and this, in the
intact

heart,

is concurrent with

enhanced

recovery of cardiac function.

Minocycline-mediated antiapoptotic activity is due to synergistic mechanisms of
action, such as reduced expression of caspases, increased ratio of XIAP to
Smac/DIABLO and minimized mitochondrial release of cytochrome c and
Smac/DIABLO, which dramatically prevent the post-ischaemic induction of
caspase activity. Minocycline therefore may be clinically useful to promote cell
survival and cardiac function following l/R injury.

Key words; Minocycline, hemodynamics, infarction, apoptosis, caspases

INTRODUCTION

Minocycline is a semisynthetic second-generation tetracycline with proven
safety, which is used in humans for the treatment of acne and urethritis (1). The
drug is also considered for the treatment of severe chronic inflammatory
diseases, such as rheumatoid arthritis, as it exerts anti-inflammatory effects that
are completely separate and distinct from its antimicrobial action (2).
It has been shown that minocycline protects the brain in rodent models of
global and focal cerebral ischaemia

(3,4).

Minocycline exhibited a wide

therapeutic window as the beneficial effect was obtained not only when the drug
was administered before the onset of ischaemia, but also a few hours after the
delivery of the ischaemic insult. The significant neuroprotection was attributed to
decreased expression of caspase-1 and cyclooxygenase 2 (COX-2) (3,4), as well
as inhibition of the inducible form of nitric oxide synthase (iNOS) (3). These
effects would account for a reduction of the secondary inflammation that occurs
during an ischaemic stroke and consistently contributes to the extent of neuronal
cell death (5).
Remarkable neuroprotection was also observed in other experimental
models of neurodegeneration. In a transgenic mouse model of Huntington’s
disease, for instance, minocycline delayed disease progression and prolonged
survival both inhibiting caspase-1 and caspase-3 mRNA up-regulation, and
decreasing the activity of iNOS (6). In a mouse model of Parkinson’s disease,

minocycline-induced prevention of neurodegeneration was associated not only
with decreased iNOS and caspase-1

expression, but also with inhibited

phosphorylation of p38 mitogen-activated protein kinase (MARK) (7) Minocycline
was also shown to inhibit mitochondrial leakage of cytochrome c and delay
progression of amyotrophic lateral sclerosis in a transgenic mouse model of the
disease (8).
However,

although

minocycline-mediated

neuroprotection

has

been

extensively reported, no corresponding data is yet available about the potential
beneficial

effects

of

minocycline

as

a

cardioprotective

agent

against

ischaemia/reperfusion (l/R) injury. Therefore, the present contribution was aimed
at evaluating both in primary cultures of myocytes and in the intact heart, the
cardioprotective effectiveness and the mechanism of action of minocycline during
l/R injury.

METHODS

P rim ary cultures o f neonatal cardiac m yocytes
Ventricular myocytes isolated from the hearts of neonatal Sprague Dawley
rat that were less than 2 days old were cultured as described previously (9) with
the following modifications. After collagenase digestion the cells were pre-plated
in medium consisting of DM EM (1000 pg glucose/L, 1 mMol/L L-glutamine,
100U/ml penicillin/streptomycin (all GIBCO BRL) supplemented with 15 % (v/v)

fetal calf serum on 10 cm tissue culture dishes. Pre-plating of the cell suspension
for 30 minutes allows contaminating fibroblasts to attach and the myocytes
remain free within the culture media. Subsequent to this incubation, the cardiac
myocyte cell suspension was transferred onto six-well (3 cm) gelatin coated
plates (Falcon) at a density of 10® cells per well. This plating system yields cell
cultures that are more than 95 % myocytes as determined by indirect staining
with a monoclonal mouse antibody to desmin. Transient transfection experiments
were performed in rat neonatal cardiomyocytes following 24 hours in culture and
the DNA precipitates were left for 16 hrs. The cells were then washed in IxPB S
and the media was replaced by the above media containing reduced PCS at 1 %
(v/v) (hereafter referred to as growth medium) for an additional 24 hours before
experimentation. Within 3 days a confluent monolayer of spontaneously beating
myocytes was formed.

P rim ary cultures o f adult cardiac m yocytes
Primary adult rat cardiac myocytes were prepared from 6-month-old
female Sprague Dawley rats, as previously described (10,11). Rats were
sacrificed by cervical dislocation, hearts removed immediately and immersed in
buffer A (130 mM NaCI, 5 mM HEPES, 10 mM Glucose, 5.4 mM KCI, 3.5 mM
MgCL, 0.4 mM NaH2P04) with 5 units/ml heparin. The aorta was identified and
mounted on the cannula of a Langendorff perfusion apparatus. The heart was
retrogradely perfused at 9 ml/m in in buffer A containing 750 pM CaCb for 2 min,
followed by buffer A containing 100 pM EGTA for 4 mins, buffer A with 0.8 mg/ml

collagenase type II and 200 pM CaCla for 15 mins. The heart was then removed,
sectioned and placed in buffer A with 0.8 mg/ml collagenase, 10% BSA and 200
pM CaCb for 5 mins. Cells were filtered through a 200 pM nylon gauze and
washed in buffer A with 10% BSA and 200 pM CaCb. Cells were allowed to
settle for 5-10 mins, the supernatant was removed and the wash repeated. Cells
were then resuspended in DMEM with 80 pM EGTA, 1% Penicillin/Streptomycin,
1% fetal bovine serum and incubated at 37°C with 5% CO2 for 1 hour on laminin
coated plates (10-15 pg/ml). After replacement of the media, cells were returned
to the incubator and treated as required.

Treatm ent o f isolated cardiac m yocytes
To subject cardiac myocytes to simulated ischaemia, the normal growth
media of the cardiomyocyte cultures was replaced with 1 ml of ischaemic buffer
(137mM NaCI, 12 mM KCI, 0.49 mM MgCb, 0.9 mM CaCl2H20, 4 mM HEPES,
20mM Na lactate, 10 mM deoxyglucose; Sigma, Dorset UK) (pH6.2), and the
cells were incubated at 37 ^C in an ischaemic chamber for 4 hours In an
atmosphere of 0 % oxygen, 5 % CO 2 , balance gas argon (BOC gases). In a few
experiments, cells were returned to a normoxic environment for a further 16 hrs
of reoxygenation, to simulate reperfusion.
Minocycline (0.02 pM) (Sigma, Dorset, UK) was added to cultured
myocytes 0, 1, 2, 4 and 24 hours prior to the hypoxic injury or at the point of
reoxygenation.
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C ell death assessm ent in isolated cardiac m yocytes
Single cell suspensions were prepared from normoxic/treated cardiac
myocytes and Ann exin V staining was successively applied as previously
referred (12,13). Cardiac cells were mixed with Annexin V FITC, at the final
concentration of 1 pg/ml (Pharmingen, Beckton Dickinson, UK), and propidium
iodide (PI), at the final concentration of 1pg/ml (Sigma, Dorset UK), in the
presence of 1,8mM calcium. Cells were then incubated at room temperature for
15 mins, prior to quenching in calcium containing binding buffer (Pharmingen,
Beckton Dickinson, UK), and immediately analyzed. A Beckman Coulter XL flow
cytometer was used to collect 20000 events.

A nim al m odel
The study was performed following the guidelines for the use of laboratory
animals in accordance with the European Guidelines 86/609/CEE.
Male Sprague-Dowley rats weighing 250-300g (Charles River, Calco,
Italy) were fed with a standard diet and submitted to the experimental protocols,
as detailed hereinafter.

Perfusion o f the isolated ra t hearts
Rats were anesthetized by sodium pentobarbital (6 mg kg-1 administered
intraperitoneally) and sacrificed by decapitation. The hearts were removed,
immersed

in

an

ice-cold

modified

Krebs-Hensleit

buffer

solution

and

subsequently perfused by the non-recirculating Langendorff technique at a

constant flow of 11 ml/min as previously described (14). The heart rate was
continuously maintained at 300 bpm by electrical pacing and the left ventricular
wall was kept at the steady temperature of 37®C.

Treatm ent protocofs
After a period of stabilization of at least 30 minutes, the isolated hearts
were randomly divided Into 5 groups (A, B, C, D and E) of at least 6 hearts each.
Group A and B were aerobically perfused for 60 mins, with or without the addition
of minocycline (Ip M ) to the perfusate respectively. Group C, D and E were
exposed to 30 mins of regional ischaemia and 2 hours of reperfusion, with (group
D and E) or without (group C) pretreatment with minocycline. Group D was given
minocycline ex vivo, at the dose of 1p,M, 1 hour before ischaemia and during
reperfusion. In Group E, minocycline was administered in vivo, over a period of 3
days (45 mg/kg ip twice a day for the first day; 22.5 mg/kg for the subsequent 2
days), prior to isolation of the hearts and their exposure to l/R.

Regional ischaem ia
After stabilization, the left coronary artery of the isolated rat hearts was
surgically occluded for 30 mins using suture ligation. At the end of the ischaemic
phase, the hearts were reperfused for 60 min by release of the suture tie, which
was left loose on the surface of the heart. Severe arrhythmias, evoked by
restoration of the coronary flow, were successfully prevented by flushing the
hearts with cold Krebs-Hensleit solution immediately after release of the tie. In all
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cases direct touching of the heart was avoided. Immediately after retightening of
the suture at the end of the reperfusion period, 0.5 ml of 0.25% Evans Blue
solution was slowly infused in order to delineate the ischaemic area at risk within
the left ventricular wall, the non-perfused parts of the hearts being unstained.

Infarct size m easurem ent
After removal of the right ventricle and connective tissue, the hearts were
frozen at -20®C for 4 hours and then cut into 1 mm transverse sections, moving
from the apex to the base. Once defrosted, the slices were incubated at 37®C
with 1% triphenyl-tetrazolium cloride (Sigma, Dorset UK) in phosphate buffer (pH
7.4) for 10 minutes, and subsequently fixed in a 10% formaldehyde aqueous
solution overnight, to clearly distinguish stained viable tissue and unstained
necrotic tissue. Left ventricular infarct zone was determined by a computerized
planimetry and expressed as the percentage of Infarcted area within the
myocardium at risk.

L eft ventricular pressure
To obtain an isovolumetrically beating preparation, a latex balloon filled
with saline, connected by a catheter to a Statham transducer (P 23 XL), was
inserted into the left ventricle through an atriotomy and secured by a suture
around the atrioventricular groove. The balloon was inflated to provide an enddiastolic pressure <1.0 mm Hg (15).
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A ssay o f creatine phosphokinase in the coronary effiuent
During each perfusion, the coronary effluent was collected at different time
points in chilled glass vials and

promptly assayed for CPK activity by

spectrophotometry, as previously reported (16).

Caspase activity assay
Cardiac activation of caspase-3, caspase-7, caspase-8 and caspase-9
was evaluated in tissue extracts using commercial kits (Biovision; Mountain View,
CA, USA) with the following changes to the recommended protocol (17). Cardiac
ventricular tissue from each group was placed in ice-cold lysis buffer and
subsequently homogenized. The homogenates were centrifuged at 750 x g for 5
mins at 4o C. Supernatants were then centrifuged at 10000 x g for 15 mins at
4"C.
Enzyme reactions were performed with ~300 fxg of cytosolic proteins per
assay and a final concentration of 50pM of AFC(7-amino-4-trifluoromethyl
coumarin)-conjugated substrates specific for either caspase-3, -7, -8 and -9.
Samples were read in a fluorimeter equipped with a 400-n m excitation and a
505-nm emission filter. Fold-increase in caspase activity was determined by
comparing fluorescence of AFC In control and treated hearts with BS perfused
control.
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Preparation an d pre-treatm ent o f tissue sections
Hearts were removed from the perfusion apparatus and cross-sectioned
from the apex to the atrioventricular groove into four 2.5 mm thick slices as
previously reported (14). The sections were placed in 4% formaldehyde in TBS
and stored at 4°C for a maximum of 48 hours.
Once dehydrated the tissues were embedded in molten paraffin, placed in
metallic blocks, covered with plastic moulds and kept under freezing plates to
solidify the paraffin. All samples were placed in the same orientation to ensure
that comparable sections were cut. Serial 4 pm myocardial sections were cut
using a microtome (Life Sciences International; Basingstoke, Hampshire UK) and
mounted on siliconized slides.
Sections were dewaxed by incubation for 1 hour at 60°C, followed by
deparaffination by immersion in xylene for 5 min, and were sequentially
rehydrated by soaking through 100% ethanol for 1 min; 100% ethanol for 1 min,
70% ethanol for 1 min and distilled water for 1 min. The pre-treatment was
completed by incubating the sections at 37“ for 30 min in TBS containing 1 mg/ml
trypsin and 1 mg/ml CaCI2 followed by washing 3 times in TBS.

TUNEL staining
TUNEL staining was performed using a commercial kit (Boehringer
Mannheim; Lewes, Sussex UK) with the following changes to the recommended
protocol. Once the area of slide around the section was dry, 50 pi of TUNEL
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mixture, containing TdT and dUTP In reaction buffer were pipetted onto each
section. In our experience the use of coverslips to ensure a homogeneous
spread of TUNEL mixture across sections is not strictly required. The slides were
incubated in a humidified chamber for 60 min at

in the dark. Finally, slides

were rinsed 3 times in TBS.
Positive controls were generated by incubating samples from control
hearts at room temperature for 10 min with 100 ^ of a 1 mg/ml solution of DNase
I in PBS, in order to induce strand breaks. Sections were then washed 3 times in
PBS. Negative controls were created by incubating sections with TUNEL mixture
lacking TdT.

Additiona! staining
A previously described multiple step immunocytochemical procedure was
used (18). Following TUNEL staining, serial 4 p.m myocardial sections were
labeled with either anti-desmin (Insight Biotechnology; Wembley, Middlesex UK)
or anti-von Willebrand factor (Boehringer Mannheim Biochemica, Lewes, Sussex
UK) antibodies, in order to selectively Identify cardiac myocytes and endothelial
cells respectively. Each slide was covered with an excess of primary antibody
(approximately 70-100 pi per slide), incubated at room temperature in a
humidified chamber for 60 mins and washed with 3 changes of TBS.
After incubation for 45 mins with specific secondary antibodies and
following washing, the slides were counterstained with PI, mounted under glass
coverslips, using antifade mounting medium (Biorad; Hercules, California), and
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finally examined by confoca! fluorescent microscopy (Bio-Rad Laser Sharp MRC1024; Hemel Hempstead UK).
. Data are expressed as the means of 12-15 high power fields +/-SD.

R everse transcription-polym erase chain reaction (RT-PCR)
Total RNA was isolated from all randomized treated and untreated
hearts using an RNA isolator solution TRIZol (Gibco-BRL, Sussex,

UK),

according to the manufacturer’s instructions. RNA concentration and purity were
confirmed by measuring the absorbance at 260 and 280 nm, respectively.
DNAse (Promega) treated RNA was reversed transcribed with Superscript II
reverse transcriptase (Gibco BRL) and oligodT (IBm er) primer. The following
specific primers were used to semi-quantitate transcript levels. As an internal
control, rat cyclophilin was amplified using specific primer sequences 5’CGAGCTGTTTGCAGACAAAG-3’

(forward)

and

5-

TTCTTG CTG G TCTTG CCATT-3’ (reverse). Since the rat sequence for XIAP, to
date, is unknown, we designed primers to amplify this transcript, based on
homology between the mouse and human sequences. XIAP primer sequences
were

5’-CTACCTCTGGAACAAGGTGG-3’

(forward)

and

5’-

CAAGCTGCTCAGGCTGAAC-3' (reverse). DIABLO primer sequences were 5 ’GCATGACACTGTGTGCGGTTC-3’

(forward)

and

5 ’-

CCAACTGGATGTGATTCCTG-3’ (reverse). Caspase-1 primer sequences were
5 ’-GACCTCAGAGAAATGAAGTTG-3’

(forward)

and

5'-

CACGGCATGCCTGAATAATG-3' (reverse). Caspase-3 primer sequences were
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5'-GGTATTGAGACAGACAGTGG-3'

(forward)

and

5’-

CATGGGATCTGTTTCTTTGC-3' (reverse). Caspase-7 primer sequences were
5-GATAAAGGAT CTGACAGCTC-3'

(forward)

and

CAT G GACACCATACATGGAAT C 3' (reverse). Caspase-8 primer sequences
were

5-GAGCTGACATCTTACTTCAC-3'

(forward)

and

5-

GAAGATGGGCTGTGGCATC-3’ (reverse). Caspase-9 primer sequences were
5’-GTACATCGAGACCTTGGATG-3’

(forward)

and

5-

GACAGGATTACACAACCTCATG-3’ (reverse). Caspase-12 primer sequences
were

5-CAGAAGTACAGG ATT CACT G-3'

(forward)

and

5-

CATTCCTCATCTGTATCAGC-3' (reverse).
Each PCR cycle consisted of 45s at 94°C, 45s at 60 °C and 1 min at 72 ®C.
PCR amplification was carried out for 20-30 cycles, which was within the linear
range, depending on the primer pair used. After amplification the products were
separated in a 1 % agarose gel, containing 0.03% of ethidium bromide. The PCR
results were analyzed by using a Bio-Rad imaging densitometer GS-800 (BioRad, Hercules, California).

W estern Blotting
Cardiac ventricular tissue from each group were washed in sterile
phosphate buffered saline (PBS) and harvested in I X RIPA (50mM, Tris, pH8,
150mM NaCI, 0.5% DOC, 0.1% SDS, 1% NP40) containing protease inhibitors.
Protein concentration was determined using a Bradford assay and equal
amounts (20pg) diluted in gel loading buffer. Proteins were separated in
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polyacrylamide gels of either 10% or 12% and transferred onto Hybond C
membranes (Amersham Pharmacia, UK). The membranes were blocked for 1
hour in 5% non-fat milk (Marvel) in 1x 1 S T (lOmM Tris, 150 mM NaCI, Tween
0.05%). Blocked membranes were incubated with primary antibody overnight at
4®C. After application of the appropriate secondary antibody, membranes were
washed in TS T and subjected to enhanced chemi-luminescence (Amersham
Pharmacia International, UK) and visualized using autoradiography.

Anti-

procaspase-1 , -3, -7, -8, -9, -12, and the anti-actin and anti-XlAP antibodies
were

from

Santa

Cruz

(California,

USA).

The

rabbit

polyclonal

anti-

Smac/DIABLO antibody, PW102, was a kind gift from Professor Julian Downard,
Cancer Research UK, London, UK.

M itochondrial and cytoplasm ic protein fractionation
Cardiac ventricular tissue from each group was collected in to Ice cold
PBS and mitochondrial and cytoplasmic fractions were isolated as previously
described, with the following modifications (19). Briefly, cells were Dounce
homogenised in buffer B (250mM sucrose, 2 mM Hepes, 0.1 mM EGTA, pH7.4)
containing 2mg ml"^ fatty acid free Fraction V BSA. Mitochondria were isolated
from cytoplasmic fractions using differential centrifugation, washed twice in buffer
B, and finally resuspended in buffer B, without BSA. The purity of the fractions
was evaluated by western blotting analysis, using anti-HSP60 and anti-actin
antibodies,

specific for the mitochondrial and the cytosolic compartment

respectively (data not shown). Additionally, a LDH assay was performed on both
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fractions in order to verify that functional mitochondria were clear from
contaminating cytoplasm. Protein concentrations were finally determined and
both fractions were prepared at a concentration of 0.5mg mM.

C ell fraction characterization and assessm ent
Equal amounts (20pg) of cytoplasmic and mitochondrial proteins were
separated using SDS-PAGE. Nitrocellulose blots were incubated with primary
antibody in 1XTST (10mM Tris, 150 mM N a C I, Tween 0.05% ) containing 0.5%
non-fat

milk.

International,

Bands
UK).

were

visualized

Anti-Cytochrome

using

C

and

ECL

(Amersham

anti-HSP60

Pharmacia

antibodies

were

purchased from Abeam (Cambridge Science Park, UK), anti-actin was from
Santa Cruz (California, USA) and the rabbit polyclonal SMAC/Diablo antibody,
PW102, was a kind gift from Julian Downward. Cancer Research UK, London,
UK.

Statistics
Data are expressed as means ± S.D. Single-factor one-way analysis of
variance

(ANOVA)

was

performed

for each

group of treatments

and

significance was assumed when p<0.05. Difference among means were
compared within the treatment groups using Student’s t test and significance
was assumed when p<0.05. The experiments were repeated at least three
times.

In specific regard to the hemodynamic assessment, analysis of

covariance (ANCOVA), with time as the covariate and post-hoc analyses were
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used to test the principal component with contrast. The Bonfeironi correction
was then applied and P values < 0.05 were considered significant.

\

RESULTS

M inocycline is cardioprotective even w hen given a t reoxygenation
To investigate whether minocycline plays a role in cardioprotection, we
firstly assessed the occurrence of cell death in primary cultures of neonatal and
adult cardiac myocytes treated with minocycline. Myocytes were exposed to 4
hours of simulated ischaemia either alone or followed by 16 hours reoxygenation.
Minocycline (0.02 pM) was added to the myocytes 0, 1, 2, 4 and 24 hours prior to
the hypoxic injury or at the point of reoxygenation, as previously described. Cell
death was assessed by annexin V and PI staining followed by FACS analysis.
Minocycline significantly reduced necrotic and apoptotic cell death, both in
neonatal and adult myocytes, not only when given prior to hypoxia, but also more
importantly

when

given

at

reoxygenation.

In

neonatal

myocytes,

the

cardioprotective effect peaked when minocycline was administered 2 hours
before hypoxia (F ig .la). Necrotic cell death decreased from 35.2±2.8% to
24.5±1.7% (p<0.001) and apoptotic death from 28.3±2% to 18.1 ±1.7% (p<0.001).
In adult myocytes, the highest cardioprotection was reached when minocycline
was

given

4

hours

before

hypoxia

(fig. 1b).

The

magnitude

of necrosis

(38.1 ±2.7% ) and apoptosis (29.5±2.3% ) in untreated myocytes diminished to
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22.7±1.9% and 20.4±1.6% respectively (p<0.001). Post-hypoxic treatment with
minocycline prevented to a lesser, though statistically significant extent, the
degree of total cell death both in neonatal and adult myocytes (p<0.05) (fig1a/b).

M inocycline prom otes post-ischaem ic reco very o f cardiac function
independently from any d irect hem odynam ic effects
To

further

validate

these

in

vitro

findings,

we

investigated

the

cardioprotective effects of minocycline in the isolated, Langendorff perfused rat
heart. W e first evaluated the haemodynamic effects induced by minocycline in rat
hearts exposed to 30 minutes of regional ischaemia followed by 2 hours of
reperfusion. Minocycline was either infused ex vivo, at the dose of 1pM, 1 hour
before ischaemia and during reperfusion, or administered in vivo, over a period of
3 days (45 mg/kg ip twice a day for the first day; 22.5 mg/kg for the subsequent 2
days), prior to isolation of the hearts and their exposure to l/R.
Consistent with previous reports using the same experimental model of l/R
injury (15), ischaemic/reperfused control hearts showed a progressive rise in
diastolic pressure (dP) and a rapid decline in developed pressure (DP), which
poorly recovered during reperfusion (fig.2a). Administration of minocycline (Ip M )
during aerobic perfusion had no effect on the haemodynamics of isolated hearts.
The pre- and post-ischaemic infusion of minocycline significantly reduced the
progressive rise of dP observed during l/R. This recovery in dP started after 10
mins of ischaemia (29.3±3.2 mm Hg after 20 mins ischaemia: p<0.05 vs l/R
control) and progressively improved throughout reperfusion. Since no concurrent
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enhancement in DP was observed, the post-ischaemic recovery of the function in
the hearts infused pre- and post-ischaemia with minocycline was only modest,
though statistically significant (p<0.05 vs control) (Fig.2b). In contrast, the in vivo
treatment with minocycline, extended for 3 days, induced not only a greater and
earlier recovery of dP during l/R, but also a rapid recovery of DP, which became
significant after 5 min of reperfusion (72±5.2 mm Hg: p<0.05 vs l/R control), and
which progressively improved with partial normalization (86.0±5.9 mm Hg:
p<0.001 vs l/R control) at the end of reperfusion (Fig.2c). Hence, the in vivo
pretreatment with minocycline consistently prevented the functional impairment in
cardiac function associated with l/R injury (p<0.001 vs l/R control).

M inocycline m inim izes in farc t size and cardiac release o f C PK
follow ing i/R in jury
To address whether this amelioration in cardiac performance is due to
enhanced cell survival, we evaluated the extent of myocardial infarction, cardiac
release of creatine phosphokinase (CPK) and apoptotic cell death in the isolated
rat heart pretreated with minocycline and subsequently exposed to regional
ischaemia.
In control hearts exposed to l/R, the percentage of infarction within the risk
zone was 35±1.9% (Fig.3a). Following pre- and post-ischaemic infusion of
minocycline, the cardiac release of CPK (905+44 mU/min/GW W ; p<0.05 vs l/R
control), though not the percentage of infarction (p>0.05), was significantly
reduced (Fig.3b). Conversely, the in vivo administration of minocycline over a
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three-day period resulted in a marked limitation of infarct size (p<0.001 vs l/R
control), vy^hich was also associated with a strong attenuation of CPK release in
the coronary effluent (737+36 m U/m in/G W W after 30 mins reperfusion; p<0.001
vs l/R control).

M inocycline prevents both endothelial a n d m yocytes apoptosis in
the in tac t h e a rt exposed to ischaem ia/reperfusion
TU N EL

is

an

enzymatic

reaction

commonly

used

to

detect

the

oligonucleosomal DMA fragmentation characteristic of end stage apoptotic cells.
In agreement with our previous studies, TU N EL positive staining was detected
only during reperfusion (14,15,17,18) and always colocalized with caspase-3
positive labeling (15,18). Additionally, the magnitude of apoptotic cell death was
much higher in endothelial cells than in cardiac myocytes (18).
The three-day in vivo treatment with minocycline produced a highly
significant reduction in these markers of apoptotic cell death in both cell types
(p<0.001 vs l/R control) (Fig.3c/d). Though less profound, the lessening in
apoptosis remained significant when minocycline was given in infusion before
and after ischaemia (p<0.001 vs l/R control) (Fig.3c).
Hence, the modest, though significant, post-ischaemic recovery of the
function, observed after ex vivo infusion of minocycline, was associated with a
significant decrease in cardiac release of CPK and a non-significant limitation of
infarct size. In contrast, following in vivo treatment with minocycline, the post-
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ischaemic recovery of cardiac function was greatly enhanced and paralleled a
marked reduction of both infarct size and myocardial release of CPK.

M inocycline induces cardiac dow nreguiation o f both in itia to r an d
e ffec to r caspases
\

W e then investigated the anti-apoptotic mechanism of minocycline in rat
hearts, either unexposed or exposed to l/R, coming from animals receiving
minocycline ip over a period of three days. Since the known neuroprotective
properties

of minocycline

include

inhibition

of caspase-1

and

caspase-3

transcriptional upregulation and activation, we firstly evaluated the effects of
minocycline on the expression of different caspases at both the mRNA and
protein level. By RT-PCR and western blot analysis, ischaemic/reperfused
control hearts exposed to 30 mins ischaemia followed by 2 hours reperfusion
showed a three-fold or more transcriptional and translational upregulation of both
caspase-1,

caspase-3,

caspase-7,

caspase-8,

caspase-9

and caspase-12

(Fig.4a/b). In hearts given three-day treatment with minocycline prior to exposure
to the same l/R protocol, minocycline dramatically prevented the mRNA and
protein induction of all the above caspases (Fig.4a/b). Similarly, in control hearts
unexposed to l/R receiving minocycline ip for three days, the basal mRNA and
protein expression level of caspases-1, -3, -7, -8, -9 and -12 was greatly
downregulated compared to control hearts unexposed to l/R. The minocyclinemediated effects on the mRNA and protein expression of caspases were highly
reproducible and consistent.
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M inocycline prevents caspase activation in the h e art exposed to UR
in jury
In agreement with these findings, in control hearts exposed to l/R the
activity level of initiator (caspase-8 and caspase-9) and effector caspases
(caspase-3 and caspase-7), assessed in tissue extracts by activity kits, was
conspicuously heightened compared to control hearts. Hearts subjected to threeday in vivo treatment with minocycline and following l/R showed a level of
functional activation of caspase-3, -7, -8 and - 9 greatly reduced compared to
ischaemic/reperfused control hearts (p<0.001 vs l/R control) (Fig.4c). Therefore,
in addition to the downreguiation of effector caspases previously reported in the
brain (3,4,6), we show for the first time that minocycline downregulates in a
different target organ exposed to l/R not only the expression but also the activity
of both initiator and effector caspases.

M inocycline increases the ratio o f X IA P to Sm ac/DIAB LO
To

probe

whether

other

mechanisms,

independent

from

caspase

downreguiation, contribute to reduce the level of caspase activity in minocyclinetreated hearts exposed to l/R, we evaluated the expression levels of XIAP and
Smac/DIABLO in the isolated rat heart. XIAP, the prototype of a family of
endogenous inhibitors of apoptosis proteins (lAPs), binds and inactivates mature
caspase-9 and caspase-3 (20,21), suppressing not only the mitochondriainitiated caspase-9-mediated apoptotic pathway, but also the caspase-8-induced
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proteolytic activation of caspase-3 (20). XIAP-mediated blockage of activated
caspases is reversed by Smac/DIABLO, a mitochondrial protein, which is
released into the cytoplasm, following mitochondria-initiated apoptosis (22,23).
Hence, the ability of active caspases to commit a cell to die by apoptosis appears
to be dependent on the stoichiometry of XIAP and its antagonist, Smac/DIABLO.
In ischaemic/reperfused control hearts,
resulted

in a

marked

ischaemia followed by reperfusion

induction of Smac/DIABLO,

together with reduced

expression of XIAP, both at the mRNA and protein level (Fig.4a/b). Minocycline
given for three consecutive days prior to l/R induced enhanced expression of
XIAP and concurrent downreguiation of Smac/DIABLO again at the mRNA and
protein level (Fig.4a/b). An analogous action, with strong induction of the basal
level of XIAP associated with reduced expression of Smac/DIABLO, was also
observed in hearts receiving minocycline for three days unexposed to l/R,
compared to control hearts. This is to our knowledge the first report in any cell
types showing that the ratio of XIAP to Smac/DIABLO is significantly increased
by minocycline. Given that the overexpression of lAPs prevents apoptosis
induced with a wide variety of stimuli, including TNFa, Fas, staurosporin,
etoposide and growth factor withdrawal (20), we

believe that this novel

minocycline-mediated mechanism may also be an important factor responsible
for minimizing caspase activity in the heart exposed to l/R injury.

M inocycline reduces m itochondriai leakage o f cytochrom e c and
Sm ac/DIAB LO In the Ischaem ic/reperfused heart

25
Mitochondrial release of cytochrome c and Smac/DIABLO

into the

cytoplasm is a potent pathophysiological trigger for caspase-9 activation (24) and
reactivation of latent caspases respectively (21). Minocycline-mediated inhibition
of cytochrome c release has been previously documented in a mouse model of
amyotrophic lateral sclerosis and associated with delayed disease onset and
extended survival (8). Because of the crucial role of mitochondria in the
modulation of caspase activation, the relation between minocycline and the
mitochondrial release of cytochrome c and Smac/DIABLO is likely to be one of
the primary mechanisms of minocycline-induced cardioprotection. Therefore, to
probe whether the inhibition of the cytoplasmic relocation of cytochrome c and
Smac/DIABLO is an additional mechanism responsible for the post-ischaemic
reduction of caspase activity achieved with minocycline treatment, we evaluated
the time kinetics of mitochondrial release of both molecules in the intact heart
(Fig.4d). In rat hearts unexposed to l/R receiving in vivo treatment with
minocycline, consistent with our previous findings (Fig.4a/b), the expression level
of Smac/DIABLO in mitochondrial fractions was reduced compared to control
hearts. In contrast, in vivo treatment with minocycline had no effect on the
mitochondrial expression of cytochrome c. In cytoplasmic fractions from rat
hearts unexposed to l/R, both untreated and treated in vivo with minocycline,
cytochrome c and Smac/DIABLO were both undetectable (Fig,4d). In contrast,
cytoplasmic relocation of cytochrome c and Smac/DIABLO was clearly observed
in

ischaemic/reperfused

control

hearts

and

remarkably

reduced

in

ischaemic/reperfused rat hearts receiving minocycline in vivo for three days.
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Hence, the reduced leakage of cytochrome c and Smac/DIABLO from the
mitochondria into the cytoplasm is another primary target of minocyclinemediated mechanism of action in the heart exposed to l/R injury.

DISCUSSION

Here, we show for the first time that minocycline induces also protection
against l/R injury at the level of a new organ and we substantiate our findings by
providing new insights into its mechanism of action. Apoptosis is a caspasemediated form of cell death, contributing together with necrosis, to the extent of
the myocardial damage following l/R injury (25). Our study demonstrates that
minocycline effectively protects cardiac myocytes against l/R injury, inducing a
marked reduction of both necrotic and apoptotic cell death. This cardioprotective
effect has been validated at three levels: in vitro, using primary cultures of
neonatal and adult cardiomyocytes; ex vivo, infusing minocycline to the isolated
rat heart; and in vivo, injecting the animals with minocycline over a period of
three days. Importantly, the reduction of infarct size and apoptotic cell death
observed following in vivo treatment with minocycline, was associated with a
remarkable post-ischaemic recovery of cardiac function.
W e also investigated the mechanism of action of minocycline in the intact
heart. Minocycline is, to our knowledge, the first non-toxic drug with an
established safety record in human to induce profound inhibition of the activity
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level of several Initiator and effector caspases. This extensive inhibition is
achieved through the synergistic action of multiple novel mechanisms. Besides
the well-documented downreguiation of caspase-1

and -3, we show that

minocycline reduces the cardiac expression of caspase-7, -8, -9 and -1 2 in basal
condition, and prevents the post-ischaemic upregulation of all the above
caspases. W e also present the first evidence in any cell types that minocycline
effectively interferes with upstream and downstream mechanisms leading to
secondary caspase activation and reactivation. Following in vivo treatment with
minocycline, we report reduced de-compartmentalization of cytochrome c and
Smac/DIABLO, together with increased ratio of XIAP to Smac/DIABLO.
These combined actions concur to modulate the functional activity of
caspases at three different levels: reducing the mitochondria-mediated activation
of caspase-9, promoting the inhibition of activated caspases and preventing the
reactivation of dormant caspases. Therefore, the effects achieved with in vivo
administration of minocycline effectively cooperate to keep in check the level of
caspase

activity

in

the

heart,

raising

the

point

of

commitment

in

ischaemic/reperfused cardiac myocytes. Since this comprehensive action of
caspase modulation is not dependent on a direct inhibition of caspase activity (6),
clinical use of minocycline is not limited by the potential toxic effects of other
conventional caspase inhibitors due to abrogation of normal homeostatic
apoptosis in the human adult. Owing to this, minocycline could be valuable in
acute but also in chronic clinical settings, where it may provide important
synergism with conventional cardioprotective agents in counteracting the
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occurrence and the progression of myocyte cell loss. Pre- and post-ischaemic
administration of minocycline, for instance, might be successfully performed to
prevent or lower the cardiac dysfunction, which often occurs in patients exposed
to a iatrogenic l/R injury, such as coronary angioplasties and cardiac surgery.
Additionally, given its long term safety and oral bioavailability, the long-term
treatment with minocycline, as adjuncts to established therapeutic means, may
be a suitable option to delay the progression of chronic cardiovascular
conditions, such as heart failure and cardiomyopaties, where the progressive
cardiac cell loss is the ultimate mechanism accounting for cardiac dysfunction.
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FIGURE LEGENDS

Fig.1

Proportion of necrotic and apoptotic cell death in primary cultures of

neonatal (panel a) and adult (panel b) cardiac myocytes exposed to 4 hours of
hypoxia followed by 16 hours of reoxygenation, with or without treatment with
minocycline (MNC), at the dose of 0.02 pM. MNC was added to cultured
myocytes 0, 1, 2, 4 and 24 hours prior to the hypoxic injury or at the point of
reoxygenation. Values are averages of three independent experiments ±SD.
*p>0.05; **p<0.05; ***p<0.001

Fig.2 Mechanical

function

of

the

isolated

rat

heart

during

ischaemia/reperfusion (l/R), with and without pretreatment with minocycline. The
changes in developed pressure (DP) and diastolic pressure (dP) induced by l/R
in control heart are shown in panel a. The effects on DP and dP of minocycline
administered either ex vivo or in vivo are reported in panel b and c respectively.

Fig.3 Infarct size, expressed as a percentage of myocardial risk zone
(panel a), and post-ischaemic release of creatine phosphokinase (CPK) (panel b)
in

ischaemic/reperfused

control

hearts

and

hearts

exposed

to

ischaemia/reperfusion (l/R), following either ex vivo or in vivo treatment with
minocycline. *p<0.001. c) Percentages of TUNEL and cleaved active caspase-3
positive endothelial cells and cardiac myocytes in control hearts exposed or
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unexposed

to

l/R,

and

in

ischaemic/reperfused

hearts

pretreated

with

minocycline, either ex vivo or in vivo, d) Myocardial sections from control hearts
stained by TUNEL method and propidium iodide (panel a/b). TUNEL positive
cells appear yellow when propidium iodide is used to counterstain all nuclei. Nonapoptotic nuclei remain orange. Control hearts exhibit no yellow TUNEL positive
cells. Section from ischaemic/reperfused control heart, stained by TUNEL and
anti-desmin antibody (panel c). TUNEL positivity is consistently observed in
cardiac myocytes, whose cellular body shows a red banding, as identified with
the anti-desmin antibody. In control hearts exposed to ischaemia/reperfusion,
TUNEL

positive staining is also detected in endothelial cells (panel e),

recognizable by the positive labeling for the anti-von Willebrand antibody (panel
d). in vivo treatment with minocycline significantly reduces the magnitude of
apoptosis both in cardiac myocytes (panel f) and endothelial cells (panel h), as
identified by use of anti-desmin (panel f) and anti-von Willebrand (panel g)
antibodies respectively. Panels d/e/g/h are co-stained with propidium iodide.
Original magnification: x400.

Fig.4 Reverse transcriptase/polymerase chain reaction (panel a) and
western blots (panel b) of procaspase-1, -3, -7, -8, -9, -12, XIAP and
Smac/DIABLO RNA and protein levels In cardiac tissues from hearts, exposed
and unexposed to ischaemia/reperfusion (l/R), with or without in vivo treatment
with minocycline. Cyclophillin and actin were used as internal controls for RNA
analysis and western blots respectively, c) Caspase-3, -7, -8 and -9 enzymatic
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activity

in

whole

tissue

extracts

from

control

hearts

unexposed

to

ischaemia/reperfusion and hearts made ischaemic and reperfused with or without
in vivo treatment with minocycline. Fold-increase in caspase activity was
determined by comparing fluorescence of AFC in control and treated hearts with
buffer perfused control, d) Expression levels of cytochrome c and Smac/DIABLO
proteins in mitochondrial and cytosolic fractions from control hearts exposed or
unexposed to ischaemia/reperfusion, with or without in vivo treatment with
minocycline.

HSP60

and

actin were

used

mitochondrial and cytosolic fractions respectively.

as

internal

controls for the
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