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Chapter 1 Introduction

Myaocardial ischemia

The heart is an organ that strongly depends on the supply of oxygen to preserve its
viability and contractile function, Thus, even under optimal conditions anaerobic metabolism
can only provide 7% of the ATP production that is required to maintain a normal contractile
function. Since the oxygen storage capacity of the heart is minimal, a constant supply of
oxygen by the arterial blood is mandatory. Under basal conditions, the extraction of oxygen
from the blood is already 70-80% (compared to 20-40% in most organs), so that an increase in
oxygen demand (up to five-fold during heavy exercise) simply camot be met by an increase in
oxygen extraction. Consequently, the increased oxygen demand is principally accommodated
by an increase in flow of oxygenated blood to the myocardium. In the normal heart the
vasodilator capacity of the coronary bed allows sufficient increases in flow, so that increases in
oxygen demand do not result in anaerobic metabolism, even during strenuous exercise.l
However, when an obstruction of the coronary artery impedes coronary blood flow and hence
myocardial substrate and oxygen supply, the energy demand of the heart cannot be met and
ischemia ensues. Acute myocardial ischemia results in anaerobic metabolism and loss of
contractile function of the jschemic area and may lead to cardiac arrhythmias, including
veniricuiar fibrillation, and loss of viability (myocardial necrosis) when left unireated.?

In virtually atl people who develop myocardial ischemia, the underlying cause is
coronary artery disease, due to atherosclerosis, for which smoking, high cholesterol and
hypertension are some of the important risk factors. Acute myocardial ischemia is often caused
by thrombus formation at the site of a partially stenosed artery. Thus, platelet aggregation at
the site of the stenosis {often induced by plaque rupture) can occlude the coronary artery,
When a thrombus (unstable angina pectoris} or vasospasm (Prinzmetal’s angina pectoris) or a
severe stenosis impairs blood flow so that the energy demand cannot be met at rest, ischemia
results principally as a consequence of an impaired supply and is therefore termed supply
ischemia. Conversely, a mild stenosis, which does not result in ischemia at rest, can become
flow limiting during increased myocardial oxygen demand caused by exercise or positive
chronotropic and/or inotropic stimulation of the heart. Since the resultant myocardial ischemia
principally occurs during an increased oxygen demand, it is often referred to as demand
ischemia.

Novel insights into the consequences of myocardial ischemia

Already many centuries ago clinical symptoms of myocardial ischemia, like chest pain
and pain in shoulders and stomach, were noted in patients. At that time, however, these
symptoms were not associated with disease of the heart, but rather related to disease of the
stomach.? It was not until the early years of the twentieth century that Herrick4 found a relation
between persistent coronary occlusion and the pathological findings of myocardial necrosis. In
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Brief Ischemia: a double-edged sword

1935, Tennant and Wiggers® observed that following a short period (<3 min) of occlusion,
contractile function recovered almost immediately upon reperfusion. The next 40 years
researchers maintained the idea that myocardial ischemia, dependent on its duration, could
only lead to two distinct consequences. If the ischemic period lasted only a few minutes, the
damage was reversible and recovery of function was immediate, Tf, on the other hand, the
ischemic period was prolonged, myocardium became irreversible damaged, resulting in
myocardial necrosis and sustained impaired fonction. In 1975, these straightforward ideas
were overhauled by the findings of Heyndrickx et al8, who found that after a 15 min period of
myocardial ischemia in awake dogs contractile function remained depressed for several hours
despite an immediate restoration of coronary biood flow and a normal electrocardiogram
withint minutes after reperfusion. Similar observations of delayed recovery of function in
anesthetized dogs were initially received with scepsis and even considered an artefact.? It was
not until seven years later, when Braunwald and Kloner® coined the term “Myocardial
Stunning” to describe this phenomenon of “delayed recovery of regional myocardial
coniractile function after reperfusion despite the absence of irreversible damage and despite
restoration of normal flow”, that the idea that myocardial damage could be reversible and that
impaired coniractile function does not necessarily reflect necrosis became fully appreciated.?
Three different patterns in the responses to total coronary artery occlusions are currently
delineated, which depend on the duration of occlusion. First, a coronary artery occlusion that
lasts less than 2 min produces no damage at all, so that cardiac metabolism and contractile
function return to normal almost immediately upon reperfusion.s Second, an occlusion that
Iasts between 2 and approximately 20 min results in reversible damage characterized by a
delayed recovery of function upon reperfusion despite normal supply of oxygen and nufrients.
The degree of stunning depends on the ischemic burden, i.e. the duration and seveiily of
ischemia. After 5 min of myocardial ischemia produced by a total coronary artery occlusion in
dogs, contractile function remained depressed for 3 hours, whereas after 15 min of myocardial
ischemia stunning lasted up to 6 hours.S The severity of ischemia compriscs both energy
supply during ischemia (residual flow) and energy demand of the myocardium at the onset of
ischemia. Several studies showed an inverse relationship between collateral blood flow during
ischemia and myocardial stunning after a 10-min coronary artery occlusion occlusion in
conscious dogs.!%!! Moreover, in patients the presence of residual flow within jeopardized
myocardium during ischemia correlates with the rapid functional recovery from myocardial
stunming.!2 In pigs, which lack a native collateral circulation, 15 min of total coronary artery
occlusion resulted in a complete loss of wall thickening,!3 whereas a 70% flow reduction
lasting } hour resulted in a decrease of only 50% loss of systolic wall thickening.!4 Thus,
residual flow during ischemia either via collaterals or a subtotal corenary artery occlusion
attenuates stonning. The importance of energy demand at the onset of ischemia (often
represented by the rate-pressure product) was suggested by observations that postischemic
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coniractile dysfunction is more pronounced in pentobarbital-anesthetized open-chest dogs
(with heart rates of 150-175 beats/min) than in awake dogs (with heart rates of 100-110
beats/min).!*> However, the effect of heart rate may be due to modification of collateral blood
flow, as Bolli et al.!l found that although the rate-pressure product was related to the degree of
stunning, when collateral blood flow was faken into account the influence became
insignificant,

While in intact hearts ischemia lasting no longer than about 20 min results only in
reversible damage, an ischemic period lasting more than 20 min produces cell death and
mtyocardial infarction develops. One of the most prominent features of cell death is membrane
disruption, indicating that ischemic injury has entered the lethal phase, and may be caused by
phase separation of the phospholipidbilayer and activity of either Ca**-activated
phospholipases and proteases and/or osmotic imbalance resulting in cell swelling.2 It has also
been suggested that norepinephrine, which is extensively refeased in the myocardial
mterstittum during ischemia, may be cardiotoxic.!6 Administration of high systemic doses of
isoproterenol produced focal necrotic lesions in normat rat hearts.¥7 In contrast, depletion of
cardiac norepinephrine stores by reserpination, did not limit myocardial infarct size in rabbits!®
and dogs.1? This hypothesis, however, is still controversial.

The fraction of the jeopardized myocardium that becomes infarcted depends on the
duration of ischemia and the presence of collateral blood flow (fig. 1). In guinea pigs the
collateral system is so well developed that proximatl occlusion of a major coronary branch does
not result in any myocardial necrosis. On the other hand, in rats, rabbits and pigs collaterals are
virtually absent, resulting in complete infarction within 1-1% hours.?® In humans a moderate
and variable number of collaterals (which have probably developed during adulthoad) is found
and infarct development is therefore more gradual, Afier 2 hours of ischemia 50% of the
endangered area is infarcted and infarction is complete after 6 hows of ischemia.2! Myocardial
oxygen demand at the onset of ischemia was originally thought to be an important determinant
of infarct size, as some studies suggested that myocardial oxygen demand before ischemia
influences infarct size.22-24 Nevertheless, most of these studies are done in dogs and the results
can be explained by the presence of collateral flow, which is affected by both heart rate and
bloodpressure.2’ Moreover, in studies by the group of Schaper the bradycardia-induced
decrease in myocardial oxygen consumption was achieved by either cholinergic stimulation?3
or infusion of a synthetic opiate,2 which were later shown to be cardioprotective (see
preconditioning).

Body core temperature also exerts an important effect on myocardial infarct size, as in
pigs an increase of the temperature of 1°C increased infarct size by 20%.2% Although
liypothermia produces significant decreases in heart rate in rodents, the decrease in myocardial
oxygen demand is not related fo the positive relation between infarct size and temperature 26.27
The mechanismy by which temperature influences infarct size is uncertain, but occurs most
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likely via reduction of the basal metabolism with consequent slowing of high encrgy
phosphate depletion, as all reaction rates are highly sensilive tfo temperature, Other
mechanisms that may be responsible for the hypothermia-mediated protection, include reduced
acidosis, and/or maintenance of fon homeostasis during ischemia and reperfusion 25
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Figure I Development of irveversible wyocardial damage during tolal coronary artery occlusion in different species
{modified from Schaper et al.20 and Arnold et al 1),

it was long believed that sustained periods of myocardial ischemia always resuited in
irreversible myocardial damage. However, with the advent of revascularization therapy,
evidence accumulated that chronically impaired contractile dysfunction was not always the
consequence of infarction. Thus, restoration of blood flow by bypass grafting could restore
myocardial function in patients with chronically depressed function due to coronary artery
disease.28 This phenomenon of chronic left ventricular dysfunction in the absence of ongoing
metabolic evidence of ischemia may represent a self-protective downreguiation in myocardial
function and metabolism in order fo abort evolution toward cell death despite chronic
hypoperfusion. Diamond et al2® introduced this concept and Rahimtoola et al3® later
popularized this as myocardial hibernation. During the first few mimutes of ischemia the
energy supply-demand imbalance results in a decrease of CrP conients, lactate consumption
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Chapter I Introduction

and myocardial contractile function. Myocardial contraction decreases slightly further which
then in turn downregulates the energy demand, leading to a gradual recovery of CiP content
and lactate consumption to preischemic fevels while contractile function remains depressed
and necrosis does not occur,3132 Hibernating myocardium retains its responsiveness to
inotropic stimulation, however, at the expense of metabolic recovery, resulting in a new
supply-demand imbalance.? In the experimental setting hibernation can be achieved by severe
flow reduction for several hours, for example 50% flow reduction for 5 hours results in a 40%
decrease in coniractile function and delayed but complete recovery of function within 1 week
of reperfusion.3t This shor{-term hibernation can be distinguished from stunning by measuring
blood flow, which is reduced in hibernation and normal in stunning, or measuring metabolic
changes associated with inotropic stimulation, which is at the expense of metabolic recovery in
hibernation, while in stunning no metabolic deterioration occurs.3? Long-term hibernation can
only be inferred from clinical studies and is associated with ultrastructural alteration in
cardiomyocytes, including loss of contractile material within the remaining cardiomyocytes,
glycogen deposits, depletion of sarcoplasmic reticulum and increased interstitial fibrosis and
possibly loss of cardiomyocytes.?® Until now, an experimental model for chronic hibernation
has not been found because of the difficulty of excluding repetitive episodes of exercise-
induced ischemia providing an alternative explanation for the observed chronic contractile
dysfunction during persistent coronary stenosis.3? On the other hand, it should be questioned
whether a2 model of pure chronic hibemation is necessary as in patients coexistence of
hibernation and stunning often occurs. It is more likely that coronary blood flow will fluctuate,
because severe coronary artery stenosis causes loss of coronary autoregulation, which will
result in brief periods of ischemia.36 At the present fime, the mechanisms responsible for the
development of short-term hibernation are not clear. Alterations in B-adrenoceptor density or
affinity, activation of ATP-sensitive K* channels or endogenous adenosine have all been
excluded 3738 It has been suggested that Ca®* transients are reduced® or that the Ca®*
responsiveness of the myofilaments is decreased, due to a decrease in maximal developed
force, 0

Patients with angina pectoris who develop myocardial infarction often experience
ischemia in the preceding hours to days. It was initially believed that these preceding periods
of ischemia added to the ischemic burden possibly resulting in a larger nfarct size.
Paradoxicaily, however, Murry et al#! observed that when dogs were subjected to a 40 min
coronary artery occlusion 29% of the ischemic area was infarcted, but only 7% when the
sustained period of ischemia was preceded by four cycles of 5 minutes of coronary atrtery
occlusion and 5 min of reperfusion. This cardioprotective effect of short periods of ischemia
was termed ischemic preconditioning, which also explains earlier findings of attenvated
metabolic ischemia during a second flow reduction in the swine heart. Not also has the
discovery of this phenomenon revived interest in the development of novel cardioprotective
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strategies, but also shows that brief periods of myocardial ischemia can be either detrimental
(stunning) or protective (ischemic preconditioning) to the heart. In this thesis both stunning
and ischemic preconditioning are studied.

Stunning

Stunning, although originally described in a conscious animal meodel, has been the focus
of numerous studies in particular in intact anesthetized animal models and isolated (rat) heart
studies. Evidence for the occurrence of stunning in man has been found in a variety of
conditions. For example, using positive inotropic agents, myocardial dysfunction was
succesfully restored in patients after open heart surgery. 4243 With the current knowledge on
the pathogenesis of dysfunction it is logical to assume that stunning may be the underlying
cause, because stimulation with positive inotropic agents in the presence of ischemia would
more often lead to irreversible damage and to chronic impairment of function. In addition,
after unstable angina Wiins et al.# found that flow values are normal and identical between
normally contracting and dysfunctional segments. Stunning also coexists with myocardial
infarction as thrombolysis or coronary angioplasty in patients with myocardial infarction
salvaged a significant amount of myocardium,#> Therefore, despite a lower sensitivity of blood
flow and contractile function measurements in man compared to animal models, there is
sufficient evidence that stunning does occur in humans. Several clinical investigators consider
stunning not as a serious clinical problem, as the postischemic myocardial dysfunction
eventually restores without pharmacological intervention. However, it has also been suggested
that repeated episodes of ischemia with subsequent recurrent stunning can induce myocardial
hibernation6 and hence stunning does appear te be of clinical importance,

Pathogenesis of myocardial stunning

The observations by Heyndrickx et al. triggered tremendous research efforts to unravel
the mechanisms of stunning which have greatly contributed o our current knowledge about
the role of many of the cellular processes during and after ischemia. Over the years a number
of mechanisms have been forwarded o explain stunning, including loss of and reduced ability
to synthesize high-energy phosphates, impairment of microvascular perfusion, impairment of
sympathetic neural responsiveness, generation of oxygen derived free radicals, activation of
leukocytes, reduction in the activity of creatine kinase, and disturbances in Ca® homeostasis. 47
At the present time, the refease of oxygen free radicals and Ca®* overload are considered to be
key events in the pathogenesis of stunning. However, there are several controversies regarding
these triggers and modulators that remain to be solved.

During ischemia metabolites such as lactate accumulate, resulting in a decrease in pH.
Under normal conditions the michondria neutralize the increase in intracellular H'. However,
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during ischemia the Na'/IT" exchanger is the primary mechanism to restore intracellular pH,
resulting in high intracellular Na®. Because less intracellular ATP is available during ischemia,
the Na'/K" pump is unable to adequately eliminate the increased Na', Consequently, the
Na'/Ca" exchanger reverses its function and exchanges Na® for Ca®, resulting in increased
intraceflular Ca®'. This mechanism, however, is of short duration as massive amounts of
extracelluiar H' inhibit the Na'/H" exchanger. At the onset of reperfusion, the extracellular
fluid is replaced by a more alkalotic media, resulting in a decreased extracellular H*
concentration and inhibition of the Na'/H" exchanger is nio longer occurring.#® The role of the
Na'/Ca® exchanger is supported by the finding that Na'/H" antiporters given only during
reperfusion can attenuate confractile dysfunction.42:5¢ Thus, upon reperfusion the Ca®' levels
do not immediately recover, but even increase further via the above mentioned mechanism of
restoration of intracellular H concentration.

The role of voltage dependent Ca™ channels for the Ca** overload at the onset of
reperfusion is studied using Ca®* antagonists mainly before ischemia and at the onset of
reperfusion, Ca®' antagonists administered either before ischemia or prior to reperfusion
attenuate myocardial stunning in isolated perfused hearts.3! In vivo studies also support a role
for Ca®" in myocardial stunning since numerous stidies have shown a beneficial effect of Ca®*
antagonists.5152 However, in vivo studies could not show a beneficial effect when Ca®
antagonists were administered just prior to or at the onset of reperfusion, questiening the
importance of an increase in cytosolic Ca®* during early reperfusion,52 Explanations for these
findtings could be that the residual flow via collaterals is not sufficient enough o get adequate
levels of Ca™ antagonists in the myocardium, or that the voltage dependent Ca®* channels are
less important for an increase in Ca®* during early reperfusion than Na'/Ca* exchanger.

During the initial minutes of reperfusion, not only the intracellular free Ca®"
concentration increase further but also oxygen free radicals are produced. Administration of
anti-oxidants during occlusion or just prior to reperfusion diminishes myocardial stunning,
whereas anti-oxidants administered 1 min after the onset of reperfusion have no effect on
myocardial dysfunction.’3 Direct measurement by spin trap and electron paramagnetic
resonance spectroscopy has also shown production of oxygen free radicals in the initial
minutes of reperfusion. With these techniques a linear positive relation was noted between
the magnitude of free radical production and the severity of stuming, dependent on the
duration of ischemia and the amount of collateral blood flow. In dogs xanthine oxidase may be
a source of oxygen free radicals, but its role in rabbits, swine and humans has been questioned
as these species reportedly have negligible levels of this enzyme 3 The role of oxygen free
radicals is also confirmed by the observation that ACE inhibitors may attenuate stunning by
direct scavenging of oxygen derived free radicals and bradykinin-mediated release of
prostacyelin, 36 The exact mechanism whereby oxygen free radicals cause stunning is still in
debate, but is thought to be mainly targeted on proteins and lipids, leading eventually to a
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decrease in the Ca* responsiveness of myofilaments by two distinct mechanisms. First,
dircctly by oxidative modification of contractile proteins, Secondly, indircctly by damage to
the sarcolemma and sarcoplasmic reticulum which results in transient Ca®* overload.s?
Sarcolemmal damage results in loss of selective permeability, impairment of Ca*-stimulated
ATPase activity and Ca® transport out of the cell, and impairment of Na*/K" ATPase activity
with consequently Na* overload and Ca®" overload. In the sarcoplasmic reticulum, impairment
of the Ca®'-stimulated ATPase activity and Ca”" uptake results in decreased Ca®* sequestration
and Ca®* overload (for detailed references see Bolli and Marban’8),

The consequences of oxygen free radicals and Ca® overload are still in debate and
involve disturbance in Ca*' homeostasis and decreased responsiveness of the myofilaments to
Ca?. Evidence for a decreased availability of Ca?" is controversial as in vitro studies showed
either decreased’?, unchanged®05! or increaseds263 Ca®" transients. Studies on reduced Ca®*
responsiveness are more conclusive. The increase in intracellular Ca, either caused by the
Na' overload or the oxygen free radicals, activates Ca**-activated proteases (calpains), which
damages the contractile proteins, resulting in a decrease in myofilament Ca®* responsiveness.
This was supported by the study of Gao et al.5%, who subjected skinned trabeculae 20 minutes
to Calpain 1. Force-[Ca®'} relations showed a reduced F,,, and an increased Caso afler
exposure, which could be prevented by calpastatin, a specific calpain inhibitor, Other in vitro
studies also showed a decrease in maximal force of stunned myocardium®®:$!t and additionally
a decrease in the Ca® sensitivity.0 Thus, in vitro studies show a decreased Ca®*
responsiveness of the myofilaments, however in vivo evidence is still lacking. 40

Treatment of stunning

Although contractile function of stunned myoccardivm eventually recovers completely, it
may temporarily produce critical impairment of global left ventricular function when the
stunned area encompasses a large region of the heart or when the heart is already failing.
Considering the role of oxygen free radicals, it is not surprising that agents exhibiting free
radical scavenging properties attenuate stunning.5? Also agents that limit Ca?* overload during
ischemia and early reperfusion, such as Ca®" antagonists and Na'/H" exchange inhibitors, can
diminish postischemic dysfunction.®9-52 These agents, however, should ideally be adminstered
before ischemia, but always before reperfusion. Once stunning has been established only
positive inotropic agents {f-adrenoceptor agonists, phosphodiesterase (PDE)-111 inhibitors,
Ca®™ and Ca® agonists) result in complete recruitment of contractile function. However, after
infusion of these positive inotropic agents stops, contractile function returns to pre-infusion
levels, indicating that contractility is increased without modifying the mechanism that
underlies stunning, but also indicating that B-agonists are capable of recruiting contractile
reserve of stunned myocardium without deleterious effects. o5
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Conventional inotropic agents, however, also possess some disadvantages. The increase
in Ca’* transients after treatment with PDE-III inhibitors, Ca®* or Ca®" agonists may lead to
arrhythmias. Moreover, the positive inotropic capacity of PDE-III inhibitors is diminished in
heart failure, probably due to reduced cAMP production by the adenylyl cyclase.56.67 Because
of this negative outcome, Ca’*sensitizers which should be devoid of the risk of Ca** overload-
induced arrhythmias have received increasing interest. As it is thought that stunning is caused
by a decrease in the Ca® sensitivity of the myofilaments, restoration of the contractile function
of stunned myocardium by Ca** sensitizers seemed a logical approach. The advantage of Ca**
sensitizers over conventional agents is that Ca®" sensitizers increase force without an increase
in the Ca®" transients, thereby avoiding Ca®* overload-induced arrhythmias. In addition, Ca®*
sensitizers do not increase energy consumption, because the rate of Ca’™ uptake into the
sarcoplasmic reticulum and myofibrillar ATPase, two processes that use ATP, are unchanged.
Conversely, a concern is that an increase in the Ca®* sensitivity could adversely affect diastolic
function, including slowed relaxation and increased end-diastolic stiffhess, which results in
impairment of left ventricular filling and hence cardiac pump function, Addition of mild PDE
inhibition could therefore be favorable as an increase in cAMP improves relaxation by
facilitating the release of Ca®* from troponin C and stimulation of Ca®* uptake by the
sarcoplasmic reticulum. :

Until now, mumerous Ca® sensitizers have been developed, which all have different sites
of action. Ca’* sensitizers can modify the binding of Ca®" to troponin C by increasing the
affinity or prolong the duration of the Ca*'-induced conformation (pimobendan, levosimendan,
MCI-154 and EMD 60263), modify the interaction between the various components of the
myofilaments (pimobendan, MCI-154) or alter actin-myosin cross-bridge kinetics (EMD
57033). Next to the Ca®' sensitizing properties, most of these agents also have other properties,
tike PDE-HI inhibition (pimobendan, levosimendan and MCI-154) or inhibition of the delayed
imward rectifier K* current (EMD 60263).

Preconditioning

Ischemic preconditioning

Following the experimental discovery of ischemic preconditioning the existence of this
phenomenon has been verified in several animal species including the pig8, rats%™ and
rabbit?!, Direct evidence for the occurrence of ischemic preconditioning in patients is not
available, because of the inability to accurately determine the different occlusion and
reperfusion phases and the extent of collateralization. Also, infarct size cannot be measured
directly, but is assessed by indirect paramcters such as enzyme leakage, survival or left
ventricular function.”? Although the existence of ischemic preconditioning in humans is
difficult to demonstrate several in vitro™™ and in vwivo?™7 studies have confirmed this
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ischemic syndrome in humans. Based on total enzyme release, improved left ventricular
function and a fower in-hospital mortality rate, it has been shown that patients who experience
angina before acute myocardial infarction have smaller infarct sizes.”7® Ischemic
preconditioning can be a confounding factor in clinical studies assessing the effectiveness of
reperfusion therapy on infarct size, as the infarct size can be influenced by previous periods of
ischemia. Moreover, insights into the mechanisms underlying ischemic preconditioning couid
potentially help to develop pharmacological agents which mimic preconditioning.”

Initially, it was thought that stumming was involved in the mechanism underlying
preconditioning. Because of the depressed contractile function, the energy requirements were
decreased, which would result in a reduced rate of energy untilization. However, the study by
Murry et al.80 showed that in dogs after 15 min coronary artery occlusion followed by 120 min
reperfusion, myocardial stunning still persisted despite attennation of preconditioning,

Downey et al.8! were the first to propose that adenosine plays a role in cardioprotection,
after which a lot of studies were done focussing on celtular mechanisms. For exampie
adenosine, bradykinin and norepinephrine, which are released during myocardial ischemia, all
have their actions via activation of G-protein coupled receptors, leading to activation of protein
kinase C, The latter is thought {o play a ceniral role in ischemic preconditioning. However, the
role of protein kinase C is still in debate as controversial evidence is found in several species,
Activation of protein kinase C is believed to lead to opening of the ATP-sensitive K" channels
in the sarcolemma and mitochondria that protects the heart against a subsequent ischemic
period. Opening of the sarcolemmal ATP-sensitive K* channels result in shortening of the
action potential duration and consequently less Ca™ overload.32 Opening of the ATP-sensitive
K* channels in the inner mitochondrial membrane leads to membrane depolarization, matrix
swelling, slowing of the ATP synthesis and accelerated respiration.®® The role of ATP-
sensitive K' channels in ischemic preconditioning is supported by several studies in which
ischemic preconditioning was abolished after administration of glibenclamide or 5-
hydroxydecanoate, which block the ATP-sensilive I channels in several species. 3489

in experimental models, cardioprofection was afforded by total coronary occlusion
followed by an abrupt reperfusion, a rare feature in patients. Ovize et al.?° determined whether
moderate ischemia by partial occlusion could also protect the heart and found that a flow
reduction of 50% for 15 min could reduce infarct size, provided that complete reperfusion was
given between the partial occlusion and the subsequent sustained occlusion. Based on the two-
stage Harris model, Koning et al.%! showed that 30 or 90 min of severe (70%), but not mild
{30%) flow reduction protected against myocardial infarction without intermittent reperfusion.
Thus, the degree of ischemia has to be severe enough fo induce cardioprotection. The
hypothesis of a threshold to protect the heart was proposed by the group of Downey??, They
suggested that during one cycle of ischemic preconditioning several metabolites are released
such as adenosine and bradykinin, which play a major role in triggering protection by having
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additive effects on protein kinase C stimulation, Blockade of bradykinin results in a
subthreshold for cardioprotection, which can be overruled by more preconditioning stinwlti
resulting in additional release of adenosine and other metabolites.

Non-ischemic preconditioning

Besides brief myocardial ischemia, severat stimuli that are not associated with ischemia
have been shown to afford cardioprotection, For example, stretching the heart by volume
overload protects the heart against sustained myocardial ischemia via activation of stretched
activated channels, likely through a mechanism that involves downstream activation of protein
kinase C, adenosine receptors, and/or ATP sensitive K* channels.9394 Also, in pigs increasing
the heart rate to 200 bpm for a period of 3¢ minutes without myocardial ischemia protected the
heart, and could be blocked by glibenclamide, suggesting a mechanism via opening of the ATP
sensitive K channels?, Domenech et al.% could mimic preconditioning by 5 brief periods of
tachycardia in dogs, which was not due to changes in collateral flow nor activity or
translocation of protein kinase C, but mediated by adenosine. Additionally, the role of ATP-
sensitive K* channels has also been confirmed in cardioprotection by heat stress.97-9? Thus, the
mechanism by which nonischemic stimuli give cardioprotection is comparable to the
mechanism of ischemic preconditioning,

Not surprisingly phanmacological agenis that stimulate one or more of the cellular
components involved in the mechanism of ischemic preconditioning can also produce
cardioprotection. Infusion of the ATP sensitive K channel opener before the sustained
ischemic peried decreased infarct size in anesthetized pigs, whereas infusion after the onset of
ischemia and during reperfusion had no effect.3%100 Other phanmacological agents that can
protect the heart are protein kinase C activators!®L192, norepinephrine!0? and adenosine. 194105
The role of the latter has been confirmed in several species like pigs and rabbits, but ifs role in
rats is still controversial.

Remote preconditioning

In the above mentioned studies the preconditioning stimulus and the sustained period of
ischemia involved the same region of the heart. However, cardioprotection can also be
provoked by ischemia in other regions of the heart or even other organs, which is known as
remote preconditioning. Przyklenk et al.i% reported that ischemia in the area perfused by the
left circumflex coronary artery could also protect the adjacent area perfused by the left anterior
descending coronary artery. This can be explained by activation of stretch-activated channels,
because severe myocardial dysfunction leads to stretching of the adjacent non-ischemia
myocardium, %} Also, ischemia in other organs such as kidneys, intestines (abdominal angina)
or skeletal muscles prior fo a sustained occlusion of the coronary artery also limited infarct
development, most likely via a neurogenic pathway activated during reperfusion, but also
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involving adenosine and ATP-sensitive K channels.107-109 Moreover, the combination of flow
restriction in the femoral artery and stimulation of the gastrocnemius muscle, a clinical
analogue in patients with claudicatio intermittens, resulted in demand ischemia and
consequently cardioprotection in the heart.110

Studies on the interaction between the brain and the heart are also available and has
shown that brain ischemia, induced by subarachnoidal hemorthage or transient ischemic
attacks (TTA), causes a transient decrease in myocardial contractile function,!11.112 also known
as neurogenic stunning, However, the cffect of brain ischemia on the development of
myocardial infarct size during coronary artery occlusion has not yet been determined.

Aim and outline of the thesis

The general aim of this thesis is to study the various aspects of brief periods of
myocardial ischemia on the heart muscle. Several animal models for the study of myocardial
ischemia are available. Therefore, in chapfer 2 the modeis that can be used to study
myocardial ischemia are extensively discussed: ischemia versus hypoxia, global versus
regional, ir vitro versus in vivo. Also, in this review the three different ischemic syndromes
stunning, preconditioning and hibernation are outlined in more detail.

Rational therapy of established myocardial stunning consists of administration of
inotropic agents, in particular Ca®* sensitizers. However, several in vitro stadies reported a
Ca®" sensitization induced impairment of relaxation in normall13-115 or stunned!!s
myocardium. Importantly, in in vive studies showing no adverse effect of Ca®' sensitizing
agents on diastolic function, the agents used not only possess Ca®' sensitizing but also
phosphodiesterase HI (PDE-111) inhibitory properties. Currently, there are no in vive studies in
which the effect of Ca®* sensitizing agents without PDE-TIT inhibitory properties on diastolic
function of regionally stunned myocardiium has been evaluated. Consequently, in chapter 3 we
describe the effects of the Ca®* sensitizer EMD 60263, which is devoid of PDE-III inhibitory
properties, on diastolic function of stunned myocardium. The study focuses mainly on early
diastolic changes in regional myocardial segment dynamics, However, since EMD 60263
decreases heart rate via blockade of the delayed inward rectifier X' current, experiments were
performed at spontaneous sinus rhythm, but also after restoration of heart rate via atrial pacing.
Moreover, since disturbances in diastolic function are more likely to be aggravated at
decreased diastolic intervals we also studied the effects of EMD 60263 after a further increase
in heart rate.

It has been suggested that the inotropic response to Ca®* sensitizers may differ between
stunned and normal myocardium. For instance, it has been shown that after infusion of EMD
60263 the increase in regional systolic shortening in stunned myocardium of anesthetized pigs
was much more pronounced than that in normal myocardium.!7 However, systolic shortening
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Chapter I Introduction

is strongly load-dependent, even more so in stunned myocardium, and does not necessarily
reflect myocardial contractility!'8 Therefore, in chapfer 4, we employed the regional LY
pressure-segment length relationship in analogy to the time varying elastance concept to
examine both systolic and diastolic function in a load-independent manner. In chapter 3 we
observed that the inhibition of the delayed imward rectifier current by EMD 60263 via
prolongation of the action potential duration modified systolic and diastolic responses.
Therefore, we used the Ca®* sensitizer EMD 57033, which is devoid of the delayed inward
rectifier K' current blocking properties. However, EMD 57033 does exert some PDE-III
inhibitory actions in addition to its Ca®* sensitizing effects.

In several fn vitro and in vive studies (including the studies of chapter 3 and 4) the
beneficial effects of Ca®™ sensitizing agents on stunned myocardium have been confinned, but
in none of these studies it was actually shown that during stumning the myocardial
responsiveness to added Ca®' was altered and that subsequent administration of Ca®*
sensitizers restored the responsiveness to added Ca®". Therefore, in chapter 5 we studied the
effect of EMD 57033 on the responsiveness of normal and stunned myocardium to
intracoronary Ca** infusions in vivo.

Brief periods of ischemia not only result in stunning, but also profects the heart against a
subsequent long period of ischemia (ischemic preconditioning). In chapter 6 an overview is
given of ischemic preconditioning, Several aspects are discussed like non-ischemic stimuli,
remote preconditioning and the effect of temperature on cardioprotection. A possible trigger
for preconditioning is adenosine, which is a breakdown product of ATP and released during
ischemia. The role of adenosine in ischemic preconditioning has been confirmed in several
species like pigs, dogs and rabbits,!!? Three adenosine receptor subtypes (A;, A; and A,) have
been characterized to date, of which A, and A; receptors are thought to be involved in
ischemic preconditioning,120-123 Tn rats, evidence on the role of adenosine and receptor
subtypes is still controversial.124125 Therefore in chapter 7 the role of adenosine A; and A,
receptors in ischemic preconditioning in anesthetized rats is studied.

Norepinephrine, released during myocardial ischemia, is also one of the mediators
involved in the signaling pathway leading to ischemic preconditioning. The release mechanism
of catecholamines during regional ischemia was studied using a relatively new technique,
called microdialysis. With this technique, based on diffusion of molecules through a semi-
permeable membrane, the local intersiitial levels of norepinephrine can be measured. The
advantage of this method above the conventional method of coronary venous sampling and
biopsies is that coronary venous sampling is an indirect measurement and cannot be performed
during total coronary occlusion and biopsies comprise not only interstitial fluid, but also
cardiomyocytes and sympathetic nerve endings. Microdialysis measured within the
myocardium is nof dependent on blood flow and thus can be used during total coronary
occlusion. In addition, this technique makes it possible to measure continuously and locally.
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Brief Ischemia: a double-edged sword

Using an in vivo porcine model, the time course and magnitude of changes in interstitial
concentrations of norepinephrine during severe myocardial ischemia and reperfusion was
mvestigated (chaprer 8).

Remote preconditioning of the heart has been observed to be induced by ischemia in the
kidneys, small intestines and skeletal muscle. Brief periods of ischemia also occur in the brain,
better known as transient ischemic attacks. As cerebral ischemia has been reported to cause an
excessive release of catecholamines from sympathetic nerve endings in normal myocardium,
the question can be raised whether transient cerebral ischemia prior to a prolonged period of
myocardial ischemia may also be cardioprotective. In cliapter 9 the effect of cerebral ischemia
on infarct development is tested with special focus on norepinephrine as possible mediator of
this remote preconditioning, As the role of norepinephrine has not yet been investigated in
pigs, it was also tested whether exogenous administration of norepinephrine can protect the
heart.
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Introduction

Although myocardial ischemia has been one of the most extensively studied topics in
cardiovascular research, its definition is still debated.! In the strictest sense 'ischemia’ derived
from the Greek words, ischd (to restrain) and haima (blood), means insufficient blood, and if
we would adhere to this definition, all animal models which lack blood (e.g. isolated heart
models) should by definition be termed 'ischemic'. Most investigators prefer to define ischemia
as an imbalance between the amount of oxygen and substrates supplied to the heart and the
amount needed to perform normal fumction.!:? The rationale behind this definition is that the
myocardium strongly depends on oxygen to sustain adequate oxidative phosphorylation, the
only metabolic process that is capable of providing sufficient high energy phosphates to
maintain normal myocardial contraction. When oxygen supply to the heart becomes impaired
there will be inadequate production of high energy phosphates with a resultant decline in
myocardial coniractility. When this condition develops, the myocardium starts to produce
some, but not sufficient, high energy phosphates by anaerobic glycolysis, and lactate which is
the end-product of this process starts to accunlate in the myocardium. Myocardial ischemia is
thus viewed as a condition in which an imbalance exists between oxygen-supply and oxygen-
demand, leading to anaerobic metabolism and reduced contractile function. Central to the
definition of ischemia is that coronary flow is not only insufficient to allow adequate energy
production, but that the impaired flow also results in impaired removal of metabolic waste
products. In the large majority of cases in man myocardial ischemia is confined to specific
regions of the myocardinm (regional ischemia), because a stenosis in a coronary artery
prevents adequate perfusion of the artery's distribution area (supply ischemia). In its early stage
of development, the stenosis can be sufficiently mild so that oxygen supply is adeguate under
resting conditions, but becomes flow-limiting during stress such as exercise. At the moment
that ischemia develops during exercise, coronary blood flow may be higher than under resting
conditions, but the increase is not sufficient to meet the increased oxygen demand (demand
ischemia). The situations that the entire human heart becomes ischemic (global ischemia) are
relatively rave, but may be seen during severe hypotension and during open-heart surgery when
aortic-cross clamping is required,

Ischemia versus hypoxia

In man at high altitude myocardiat oxygen supply may become impaired, not because of
a reduced coronary blood flow but because the oxygen content of the blood is decreased.
Because coronary blood flow is not restricted, there is no accumulation of myocardial
metabolic waste products. This condition of reduced oxygen delivery in the presence of
unrestricted coronary inflow, has been termed hypoxia (or anoxia when no oxygen is present).
Important in the interpretation of the data from ischemia and hypoxia studies is that in the
latter there is adequate removal of metabolic waste products.
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Ischemia versus infarction

Mpyocardial ischemia does not only lead to changes in (global and regional)
cardiovascular function and metabolism, but also to changes in homeostasis of electrolytes,
neurohormones and ultrastructural features of the myocardium, These changes can be seen
within the first few minutes of ischemia and are reversible when perfusion is promptly
restored. However, when ischemia is maintained there is a gradual transition from reversible to
irreversible injury as infarction develops. The distinction between ischemia and infarction thus
concerns the reversibility of the changes,

In this overview we will discuss some of the most frequently used animal models in the
study of myocardial ischemia (and hypoxia} and ischemic syndromes, which are the
consequence of prior ischemia,

Myocardial ischemia

Regional ischemia
Experimental animal

In man, myocardial ischemia is most commonly regional in nature and this condition has
been widely studied in intact animals. In in vivo studies the dog has traditionally been the most
frequently used animal species, but because of cost and social pressure against the use of dogs,
the pigs has become a more favoured animal only in recent years.3* This is surprising because
Leonarde da Vinci already used pigs to demonstrate the movement of the heart during the
cardiac cycle ncarly five centuries ago.® However, the pig did not become a widely used
animal in biomedical research because of problems with handling of the animal. For instance,
Pavlov banned all pigs from the laboratory as he considered all pigs to be hysterical because of
their shrieking.? In most sfudies young and thus growing domestic swine are used and the age-
dependency of cardiovascular responses should therefore be kept in mind, The age of domestic
pigs in acute studies usually ranges from 3 to 5 months, which is sufficiently oid. for
maturation of central nervous system regulation of cardiovascular function.®7 An interesting
feature is the relation between heart and body weight, In man this ratio is about 5 g/kg,
whereas it is twice as high in dogs. For pigs weighing between 25 and 30 kg the ratio is similar
to that in man, but for animals exceeding 100 kg it is only half that value. The relative low
heart weight in domestic pigs is probably the result of selective breeding during the last two
centurics. Nowadays, one year old pigs reach body weights of 150 kg, whereas 200 years ago
weights of only 40 kg were attained in {wice that life span.8

Smailer animals such as the rabbit and the rat have also been used fo study regional
myocardial ischemia,? but instrumentation of in site myocardium for measurement of regional
metabolism and function is limited due to the small size of the heart and coronary vessels. An
additional probiem is that instantaneous reperfusion may not always occur when an occlusion
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of a coronary artery is released and because quantitative assessment of phasic coronary blood
flow is difficult, one must rely on visual inspection to verify reperfusion (disappearance of
cyanosis). Nevertheless, the use of small animals has gained a farge popularity in studies of
ischemic preconditioning,!0!1 studies employing techniques such as microdialysis!? aud
studies of post-infarction remodeling. 1314

Collateral circulation

The early response to ischemia depends to a large extent on the existence of a collateral
circulation.!’ Especially the group of Schaper has shown that major differences exist in the
extent of collateralization of the various species.!-18 Thus, it is important to realize that dogs
may have a well-developed coronary collateral circulation (which may vary considerably
among individual animais), while collateral blood flow in pigs and baboons is extremely low
{<5% of transmural blood flow).16.19-21 From the other species used in the study of myocardial
ischentia, it has been well established that the collateral circulation of the rat is sparse and that
the rabbit may show infraspecies differences.t822 The guinea pig has such an extensive
collateral network that normal perfusion is maintained after a coronary artery occlusion and
infarction does not develop. Cats also have a well-developed collateral network, but this is not
sufficient fo prevent infarction,22.23

In animals that do not have an extensive native collateral circulation, coronary collaterals
can be induced by a variety of methods. These include permanent complete coronary artery
occlusion, brief (2 min) repeated complete coronary artery occlusions at regular intervals for a
number of weeks, 2426 progressive coronary artery occlusion by means of an ameroid
constrictor,!627 partial coronary artery occlusion without or in combination with exercise?8-3!
(exercise alone does not promote collateral growth,?*3* or embolization of the
microvasculature with non-radicactive microspheres with a diameter of 25 pm, 3 In young
growing pigs a mild fixed coronary stenosis becomes flow iimiting as the animals grow older
and collaterals develop.2® Bloor et al.*? have shown that in pigs collateral blood flow can
eventually account for 80% of the needed perfusion at baseline and 50% during exercise.

It is quite obvious that when a coronary artery is completely occluded in a species with a
sizeable collateral network, determination of residual coronary perfusion is mandatory to
appreciate the severity of ischemia. Labeled (radioactive3433 or coloured?$37) microspheres are
the first choice for measuring collateral blood flow, as this technique permits the determination
of both total collateral flow and its transnmral distribution. The latter is important because
from earlier studies we know that, in particular, the subendocardial perfusion is a major
determinant of regional function.® For species with a negligible collateral circulation regional
perfusion data during ischemia are less mandatory. For a description of other methods to
determine collateral blood flow and growth the reader is referred to reference 18.
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Although pigs and baboons differ from dogs in their collateral blood flow, they both
represent distinct groups of patients with coronary artery disease as a large number of these
patients may have few collaterals during the early phase of their disease. On the other hand, in
patients with a longstanding history of coronary artery lesions, collaterals may develop and
dogs may be a more appropriate model for their condition.

Experimental conditions

Because the pathophysiological responses to ischemia and also the response of
pharmacological agents may be influenced by the presence of anesthetic agents39-42 and acute
surgical trauma,® chronicatly instrumented awake animal models are the first choice to mimic
myecardial ischemia in man. In addition to the possibility of studying the animals without
interference of anesthesia and acute surgical trauma, the awake animal model has the major
advantage that it can be used in studies requiring long-terin interventions or follow-up and
during physiological stress as produced by exercise. Furthermore, if’ only used in shori-term
studies, a number of different protocels can be performed in the same animal, provided that
sufficient time is (can be) taken to prevent Interference from previous interventions. The
elaborate surgery under sterile conditions, the high cost of the implanted transducers and
probes (which have a limited life span due to chronic implantation), the cost of housing, the
initial therapy to minimize the unavoidable discomfort related to the recovery from surgery and
some of the interventions have limited the widespread use of awake animals.

In the majority of studies, ischemia is therefore produced in anesthetized animals, either
open- or closed-chest. The open-chest preparation has the advantage that regional function and
metabolism can be studied in detail. In open-chest animals severe ischemia is almost invariably
produced by complete occlusion of a coronary artery by inflation of a balloon placed around
the vessel. If one wants to avoid thoracotomy, intracoronary devices have to be used to occlude
a vessel, The closed-chest model has the advantage that tissue trautna is minimized, but the
approach requires fluoroscopy for proper positioning of the obstruction. The most frequently
employed method is inflation of a balloon placed at the tip of a catheter,*

In order to produce mild or moderate ischemia, the flow in the coronary artery can be
reduced to a fixed percentage of resting blood flow, In open-chest animals, this can be
achieved by a hydraulic occluder positioned around the coronary artery,® tightening a J-
shaped screw clampé or other mechanical devices. 4748 These methods have the disadvantage
that control of blood flow is difficult and requires continuous measurement of blood flow with
flow probes or the use of microspheres at intervals, In order to circumvent large variations in
flow {c.g. by changes in perfusion pressure or movement of the occlusion devices), more
advanced methods may be used which control perfusion pressure®® or perfuse the coronary
vascular bed by an extracorporeal system using the animal's own blood.3%31 Flow reductions
can also be achieved by intracoronary placement of & hollow plug attached to a catheter.5%.53
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The lunen of a hole, drilled in the length of the plug, provides the limited perfusion when the
catheter is so far advanced into the coronary artery that the plug occludes the vessel. An
advantage of this method is that it can also be used in closed chest animals and that the lumen
of the catheter allows post-stenotic pressure measurements, A disadvantage is the risk that the
lumen of the plug may become obstructed due to formation of blood clots, unless precautions
are faken. Furthermore, the site of the obstruction in the artery cannot be determined in
advance, which may fead fo considerable variations in the size of the ischemic areas between
individual animals.

A disadvantage of all above described methods is that they produce concentric stenoses,
while in man the majority (~70%) of stenoses are eccentric. At the site of obstiuction, vessels
with a fixed concentric constriction do not respend to vasodilators, while vessels with eccentric
stenoses are capable to increase their narrowed lumen, thereby enlarging coronary blood flow.
There have been a few attempts to employ eccentric stenoses by partial inflation of an
intraluminal bailoon.”* The drawback of this approach is that it is very difficult to keep the
batloon (eccentric stenosis) in place, Movement of the balloon inside the artery will cause
variation in the geometry of the residual lumen and thereby in the severity of the obstruction.

The left anterior descending coronary artery is most frequently used to produce regional
myocardial ischemia, as it permits selective sampling of the regional coronary vein for
metaboiic studies. Nevertheless, left circumflex coronary artery occlusions have also been
used.?36 It is well known that in man and pigs proximal occlusion of the left anterior
descending coronary artery leads to a greater impairment of global left ventricular function
than occlusion of the left circumflex coronary artery, which is believed to be caused by the
greater area at risk. Hoit and Lew>7 have, however, shown that for the same areas at risk the
compensatory increase in function in the adjacent non-ischemic area is different for the lefi
anferior descending coronary artery than for the left circinflex coronary artery, This illustrates
that not only the size of the area at risk, but also its location within the left ventricle determines
the global functional consequences of ischemia.

Blood samples collected from the coronary sinus are quite often used for metabolic
studies. These samples are not only contaminated with blood from adjacent non-ischemic
myocardium, but in pigs there is also contamination with blood from the left azygous vein,
which drains into the coronary sinus, As a result of this, oxygen saturation in the coronary
sinus of pigs may be around 65 to 70%, while in the local coronary vein it is usually around
20% or even less.’® However, the use of coronary venous samples for studying metabolism is
decreasing, because of recent developments in microdialysis, NMR spectroscopy and posxitron
emission tomography.59-61
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In vivo models of coronary arterial thrombosis

In patients, myocardial ischemia develops quite often after formation of a thrombus at the
site of a stenosis. Models mimicking this process have been developed in the past to study the
process of thrombus formation, its prevention by pharmacological agents or the effectiveness
of thrombolytic agents. These models are not very useful for the study of well-defined
ischemia and the evaluation of cardioprotective therapies, because of variation in time to
occlusive thrombus formation and uncontrollable duration and severity of ischemia. These
models are therefore not dealt with in this overview; for an extensive review of these models
the reader is referred to reference 62,

Global ischemia (in vitro models)

The consequences of acute myocardial ischemia can offen be studied more easily under
well-controfled conditions in isolated than in in sift heart models. Langendorff has to be
credited for being the first to devise a method to investigate the mechanical activity of an
isolated heart,93 The principle has been described extensively®! and is based on forcing blood
or an oxygenated fluid into the coronary arteries through a cannula implanted in the aorta.
Initially, Langendorff used the model to study contractile function, but already before the turn
of the century he reported on the relationship between phasic coronary blood flow and the
rhythmic contraction of the heart.55 Already very early, it was noted that coropary flow was
considerably higher in hearts perfused with saline-like substances, than in hearts perfused with
blood at the identical perfusion pressure; the reason being the higher viscosity of blood and
consequently the higher coronary vascular resistance, The original Langendorft preparation
underwent many modifications, which permitied studies under well-controlled conditions such
as constant perfusion, perfusion at constant perfusion pressure or perfusion via a donor
animal,66.67

A critical point in setting up the model remains the time interval between removing the
heart from the animal and fixation in the perfusion system, as ATP and creatine phosphate start
to decline within seconds after the heart is removed from the animal. After coronary perfusion
with oxygenated blood has been re-established, a stabilization pericd of at least 15 to 30
minutes must be allowed before baseline values can be taken. The stability of the preparation is
usually assessed from heart rate, left ventricular pressure and coronary blood flow (weaning of
the reactive hyperemia after the period of ischemia). Since inr vivo experiments have revealed
that brief periods of ischemia may already lead fo ischemic syndromes such as stunning and
preconditioning and as these phenomena are also studied in isolated heart models, one must be
aware that the period between removing the heart from the animal and the re-establishment of
coronary perfusion and also the duration of the stabilization period counld influence the

outcome of such studies.
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In comparison with the in vivo models, the perfusion pressures of the isolated hearts are
lower. In fn vivo experiments diastolic pressures are usually in the range of 70 to 85 mmHg.
When saline-like solutions are used, such high pressures cannot be used in isolated hearts
because tissue oedema will develop due to the lower coronary vascular resistance (leading to
higher intracapillary filtration pressures), in conjunction with the low colloid osmotic pressure
of these solutions. The use of whole blood could circumvent these problems initially, but will
lead to complications caused by foaming, clotting, hemolysis and thereby considerably
shortens the period during which the preparation remains stable. Most investigators have
therefore added substances to their perfusion medium, which increase the osmotic pressure or
increase tissue pressure, by immersing the heart in an organ bath filled with perfusion medium.
Interstitial oedema contributes to non-uniform perfusion when perfusion is restored after
ischemia, which is a limitation when recovery of post-ischemic function or ischemic
preconditioning is studied. Microvascular compression does not only result from interstitial
oedema but may also result from the development of myocardial contracture.686% The ensuing
vascular deformation can partially be prevented by placing a fluid-filled ballcon inside the left
ventricular cavity.??

The isolated heart model is well suited to study the effects of acute myocardial ischemia
or hypoxia.7! Different degrees of ischemia can be produced by completely stopping or
partially restricting perfusion, while different degrees of hypoxia can be produced by removing
oxygen completely or partially from the perfusion medium. An advantage of the isolated heart
model is that one can study in a very simple manner whether the consequences of ischemia are
due to either lack of oxygen supply or accumulation of metabolites resulting from anaerobic
metabolism.” Depending on the hypothesis that is investigated it may either be an advantage
or a disadvantage that the influence of the hemodynamic and neurohumeoral factors, which are
present in the intact animal, are eliminated. However, caution must be exerted when
interpreting the effects of phanmacological interventions on acute ‘ischemia. In such studies
quite often concentrations of pharmacological agents are used that are not tolerated by the
intact animal. For instance, it has been concluded from isolated heart studies that
dihydropyridine derivatives protect the myocardium by a negative inotropic action,?® while in
vive experiments clearly demonstrate that the doses used in the isolated heart studies cannot be
used in the intact animal because of severe hypetension secondary to their vasodilator
actions.™

The Langendorff preparation does not permit the left ventricle to eject the perfusate
{cardiac output) and is therefore a non-working model. Some 30 years ago Neely et al.’s
developed a work performing isolated heart model, which was capable of gjecting perfusate. In
order to do so, the perfusate is now supplied by a cannula inserted into the teft atrium and left
ventricular outflow can be monitored, whife left atrial pressure or aortic pressure can be
confrolled. The advantage of the working heart model is that it allows the construction of

-37-



Brief Ischemia:a double-edged sword

cardiac function curves using Windkessel like models under a wide variety of conditions such
as during the post-ischemic recovery period.

Although functional studies can be performed in isolated heart models, they are
particularly useful for the study of metabolic pathways because the content of the substrates in
the perfusion solution (usually Krebs-Henseleit bicarbonate buffer) can be altered, while the
metabolic products can be determined in the effiuent. Finally, at the end of the experiment
myocardial tissue is easily accessible for biochemical and histological analysis. Rat and rabbit
hearts are most frequently used in isolated heart studies, but the use of hearts from larger
animals such as pigs is not uncommon.”®

In addition to using the whole heart, some models have employed only the
intraventricuolar septum.”” For a review of this and other simple models the reader is referred to
reference 2.

Einally, although isolated heart studies can provide useful information about the events
that occurs during ischemia and early reperfusion, it should never be forgotten that
extrapolation of the results to what is actually happening in regional ischemia in man should
occur with extreme care. For instance, the perfusion medium of the isolated hearts lacks blood
components such as leukocytes, which have been implicated in the development of myocardial
injury associated with ischemia and reperfusion. Furthermore, with global ischemia one
eliminates the interaction between the myocytes of different regions of the heart, which may
have an impact on the ultimate function of regionally ischemic myocardium.’®

Isolated cardiac myocytes

During the fast 25 years isolated myocytes have emerged as a new experimental model
and their applications are still evolving, Among them are studies under anoxic or ischemic
conditions, but routinely isolated myocytes are most frequently used in electrophysiological
and biochemical experiments. Because the cells are free from surrounding tissue, all changes
can be attributed to processes occurring within the cell. Cardiac myocytes are available as
either cultured embryonic or adult cells or freshly isolated adults cells. Details of the different
types and isolation procedures have been described extensively (see 7). An important
determinant of the quality of the preparation is the oxygen consumption, which must mateh
that of the intact quiescent heart, 808! Contraction of the myocytes can be assessed by optical
(e.g. laser diffraction, photodiode array edge detectors, and direct visual imaging) or
mechanical detectors.32-84 Critical for all studies is the viability and stability of the preparation,
It is therefore mandatory {o determine that the percentages of viable cells at the beginning and
at the end of the study do not differ when interventions are performed that do not produce
irreversible injury. Membrane damage can be evaluated by release of cytoplasmic enzymes
,such as lactate dehydrogenase and creatine phiosphokinase.35 Another reason for concern is that
functional changes may occur during the isolation procedures. For instance, Linden et al.86
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have shown that exposing myocytes (o catecholamines leads to down-regulation of the mimber
of receptors within minutes,

Ischemic syndromes

Stunning

In 1975 Heyndrickx et al.57 reported that recovery of regional contractile function after a
10-minute corenary arlery occlusion in conscious dogs was not immediate buf took hours to
days. In contrast, the electrocardiogram normalized almost instantaneously. This delayed
recovery of post-ischemic function, which initially received little attention and was even
considered to be an experimental artefact,38 was later termed stunning®® and the search for its
mechanism has greatly confributed to our cwrrent knowledge of events occurring during
ischemia and reperfusion. By definition, function of stunned myocardium ultimately recovers
without intervention. Stunning is therefore only clinically relevant for those patients in which
global left ventricular function is already compromised through other cardiovascular
conditions such as previous infarction.

Because myocardial stunning is the consequence of a period of reversible ischemia, it
follows that every model that is used for the study of brief ischemia can serve as a model for
stunning by merely showing that contractile function will recover when the period of
reperfusion is extended sufficiently.

Int vive models

Studies in chronically instrumented awake animals (dogs, pigs or baboons) are most
suitable for the sfudy of stunning, as the time course of recovery of the post-ischemic function
can be followed for periods up fo weeks or months in the absence of complicating factors such
as anesthesia, artificial ventilation and variations in temperature (see ¥, Because the degree of
stunning is determined in part by the ischemic burden i.e. duration and severity of the flow
(0,) deficit,?1.92 determination of residual perfusion during ischemia is mandatory in animal
species with an extensive coronatry collateral circulation such as the dog. Without collateral
flow data, the effect of an intervention on myocardial stunning cannot be properly interpreted.
An additional advantage of the conscious animal model is that it can serve as ifs own conirol,
provided that sufficient long periods are allowed between two successive siunning protocols.
Howaever, before pharmacological interventions are evaluated in such models, it is mandatory
to cstablish that the successive occlusions produce the same degree of stunning, With respect
to this, one has to keep in mind that Shen and Vatner®? recently reported significant species
differences for the same experimental protocols. Thus, while in pigs the degree of stinning
was the same after two consecutive occlusions separated by 24 hours, it was less after the
second occlusion in dogs, an observation which might be related to recruitment of collateral
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flow in the latter species. Because of cost and complexity of the awake animal models, most
investigators use (open or closed chest) anesthetized animals, thereby accepting that full
recovery of function cannot be achieved in the limited time span that is available. An important
difference between the awake and anesthetized models involves the degree of stunning and the
time course of recovery 42 Thus, when the same experimental protocols are used, post-
ischemic dysfunction is more severe in pentobarbital anesthetized dogs than in awake dogs,%?
to which the less significant production of oxygen derived free radicals in awake animals may
contribute, An cxplanation might be that pentobarbital anesthesia, in part via altering
hemodynamic conditions, resulis in higher oxygen demand at the onset of ischemia and thus
increases the total ischeinic burden.®2 The effect of anesthesia on myocardial oxygen demand
and its imporfance for the degree of stunning is supported by canine studies in which
halothane®® and isoflurane® anesthesia, were compared to fentanyl® and morphine/(ce-
chloralosefurethane anesthesia.?3 Volatile anesthesia was found to result in better recovery of
contractile function following a 15-minute coronary artery occlusion. Another variable that
influences functional recovery of stunned myocardium is temperature.®? Consequently, a
rigorous contro} of body temperature is mandatory when studying myocardial stunning. Open-
chest animal preparations are more susceptible to temperature variations than closed chest
animals.

Most investigators have used a single coronary artery occlusion, which produces
stunning, provided that its duration is sufficiently long,% but multiple occlusions have also
been used, Of interest is that when a large number of occlusions is used there is a progressive
loss in the relation between the degree of stunning and residual perfusion during ischemia,?” a
relation which is prominently present when a single 15-minute coronary occlusion is used.?!
Furthermore, partial coronary artery occlusions of sufficient duration,?3%? or in the presence of
exercise-induced ischernial?® also produce stunning. Finally, rapid ventricular pacing for 24 to
48 hours leads to post-pacing dysfunction which has all the characteristics of global
myocardial stunning,!9102 glthough pacing did not lead to demonstrable ischemia. Global
stunning can also be produced by cardioplegia and sequential regional ischemia. To this end,
Heyndrickx et al.19% applied one howr flow reductions of the left circumflex coronary artery
and the left anterior descending coronary artery at 30 minute intervals,

Recovery of post-ischemic contractile function is sometimes also examined in models
which employ periods of ischemia that are sufficiently long to produce a mixture of both
reversible and irreversible myocardial injury.104106 Tn these studies regional post-ischemic
function will not return to pre-ischemia values and functional data obtained during the first
hours of reperfusion period do not reflect recovery of stunned myocardium and are therefore
difficult to interpret.
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Isolated perfused hearts

Even more so than the in sify anesthetized animal model, the isolated perfused heart
model is limited by the relatively short period in which recovery of post-ischemic function can
be studied. Because full recovery of post-ischemic function is rarely observed in isolated heart
studies, one must include other pertinent features of stunning such as absence of frreversible
injury, response to inotropic stimutation and the rebound in creatine phosphate to supranormal
levels107108 to assure that one is dealing with models of pure stunning. With respect to this, it
should be noted that durations of ischemia that do not result in myocardial necrosis under in
vivo conditions, may already produce imeversible damage in isolated perfused hearts. For
instance, Borgers et al.!®? gbserved that even a 1 5-minute period of global ischemia in isolated
rabbit hearts irreversibly damaged a significant number of myocytes.

In isolated hearts, shrning has been produced by single or repeated brief periods of total
global ischemia, by fransient occlusion of a coronary artery producing regional ischemia,!10
and by pacing-induced tachycardia in the presence of a lowered coronary perfusion pressure
thereby producing global demand ischemia.l!! In addition to heaits of rats, also hearts of
rabbits, 109,112 ferrets 113 and pigs’® have been used in isclated heart models to study stunning.

Limitations of functional parameters

Understanding the limitations of the parameters that are used fo describe contractile
function is essential for proper assessment of the degree of stunning, Because in vitro studies
usnally employ models of global myocardial ischemia, global cardiac function parameters such
as left ventricular developed pressure (isovolumically beating hearts) and cardiac output
(working hearts) are used to assess the degree of stunning, In ju wivo experiments regional
stunning is most commonly assessed by measurement of local contractile function, such as
regional segment shortening or wall thickening. These parameters depend on pre- and
afterload, which may be different from baseline during the post-ischemic period. In addition,
the afterload-dependency is more pronounced in stunned compared to normal myocardium,114
so that when the effect of an intervention on stunning is investigated, functional measurements
should be made under identical or at least very similar loading conditions. One approach fo
correct for decreased aftertoad in /n vivo preparations is by partially clamping the aorta or by
inflation of a balloon positioned in the aorta. Alternatively, changes in left ventricular pressure
can be included in the assessment of contractile performance by using parameters: derived from
the left ventricular pressure-volume (time varying elastance concept} or feft ventricular
pressure-segment ltength (or wall thickness) relations such as external work and end systolic

elastance,114-116
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Ischemic preconditioning

In 1985 Muriy et al.!!” described that in normal dog myocardium the development of
irreversible damage was delayed when a sustained coronary artery occlusion was preceded by
brief periods of reversible myocardial ischemia, a phenomenon which was termed ischemic
preconditioning. To date ischemic preconditioning is the most potent endogenous mechanism
by which infarct size can be limited. Since the original description by Murry et al,t!7
numerous studies have been undertaken to elucidate the mechanism of ischemic
preconditioning and to investigate whether the protection by ischemic preconditioning also
applies to other endpoints than infarct size (e.g. arrhythmias and recovery of function
following reversible ischemia)} and to demonstrate its existence and relevance in the clinical
setting. 118119 When infarct is taken as endpeint, the clinical importance of ischemic
preconditioning has yet to be convincingly demonstrated. The lack of the definite proof for the
occurrence of ischemic preconditioning in man arises from the fact that in patients the accurate
assessment of determinants of infarct size such as the area at risk, the residual (collateral)
blood flow, the duration and completeness of the infarct producing coronary artery occlusion,
and also the characteristics of the preceding ischemia that serves as preconditioning-stimuius,
are extremely difficult.1?0 Furthermore, patients have usually pre-existing lesions and a long
history of angina pectoris before infarction develops, which gives rise to further caution in
extrapolating data obtained in normal animal hearts. Two important but unanswered questions
regarding the clinical implication of ischemic preconditioning therefore are: 'does recurrent
angina lead to a preconditioned state?' and 'can the as yet incompletely known mechanism of
preconditioning be mimicked pharmacologically?’ Cohen et al.!?l have shown that awake
rabbits become folerant to multiple episodes of ischemic preconditioning. With respect to this
it is imporiant to investigate if tolerance develops when pharmacological agents, that mimic
ischemic preconditioning, are administered chronically.

The choice of the experimental animal does not appear to matier because positive results
have been obtained in each species investigated in which infarct size was chosen as endpoint,
These species now include dogs!l?, pigs!?2, sheep!?3, rabbits!!, rats'®, marmots!'?¥ and
ferrets.125 There is some evidence that the mechanism underlying ischemic preconditioning
may not be the same in all species.!120 For instance, the role of activation of protein kinase C is
still a very much debated issue.12%.128 Similar controversies exist about the activation of ATP
sensitive K* channels and adenosine. However, such data should not play a decisive role in the
choice of the experimental species as long as it has not been established whether such a
mechanism could be operative in man,

Al variance with infarct size Himitation, studies using other endpoints such as ventricular
arthythmias or attenuation of sfunning have yielded less uniform results. Protection by
ischemic preconditioning against arrhythmias has conclusively been reported in studies using
rats, but its protective effect in large animals is controversial 129,130 It also appears that in the
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same species, the stimuli required to precondition the heart against necrosis and arrhythmias
may be different.!13! Presently, it is unclear if these different results are due to differences in
species or to differences in experimental protocols. The age of the animal might need attention
as Tani et al.132 reported that in middle aged rats (S50 weeks) the beneficial effects of ischemic
preconditioning against reperfusion ventricular fibrillation and the rate of sarcoplasmic
reticular Ca?* uplake were reversed compared o young rats (12 weeks). Although it has been
well established that senescent animals (and also patienis) are more vulnerable to the
consequences of ischemia than young animals, it should be taken into account that the
observations by Tani et al.!3? were made in isolated hearts, while using an endpoint of
ischemic preconditioning that is still controversial, Attenuation of stunning by ischemic
preconditioning is also still controversial. [t now appears that classical preconditioning does
not protect against stunning, but that the second window of protection, which occurs 24 1o 72
hours after the preconditioning stimulus has been applied, offers protection in large animals.13?

Principally, all models used in the study of myocardial ischemia are suited to study
ischemic preconditioning. In order to mimic the clinical situation as closely as possible awake
animals are preferred, but producing myocardial infarction in animals without anesthesia meets
almost insurmountable resistance from many ethical committees on animal experimentation,
As a matter of fact there are only very few studies in awake animals in which ischemic
preconditioning with infarct size as endpoint has been investigated. 121,133

In in vivo studies, a wide variety of ancsthesia regimens have been used, quite often
depending on the species, Because the precise mechanism of ischemic preconditioning is
uuknown, one should carefully describe the agents used to anesthetize animals as anesthetic
agents may affect the magnitude of protection, This is supported by studies of Haessler et al. 134
who showed that using identical experimental protocols, protection in pentobarbital
anesthetized rabbits was significantly greater than in isoflurane- or ketamine/xylazine-
ancsthetized rabbits, which was not caused by differences in area at risk, temperature, heart
rate or arterial blood pressure, Infarct sizes of the control groups were reported to be similar,
but there was a clear tendency for the isoflurane-treated animals to have smaller infarcts, an
obseryation, which has fater been firmly established by Cope et al.}¥ A single 5-minute
coronary artery occlusion, which was an effective preconditioning stimulus in pentobarbital
anaesthetized dogs without premedication of the opioid anaigesic butorphanol,36.137 was not
sufficient to protect the myocardium afier premedication of dogs with butorphanol,138 the
threshold for preconditioning was increased as fwo episodes of 5-minute occlusions were
required to provide an effective preconditioning stimulus.

Yirehus et al.139 have reported that infarct size development and the protection by
ischemic preconditioning are very similar for & sifir and isolated Krebs-Henseleit bicarbonate
buffer-perfused rabbit heart. Downey and Yellon!?0 have pointed out that this observation
strongly supports the use of the isolated hearl models, because in these models the
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pharmacology of preconditioning can be better studied as administration of drugs can be
precisely controlled and drugs thaf are not tolerated when administered systemically can be
administered directly to the heart. However, of the rat heart, which is also used in in sity
experiments and isolated heart preparations, it is unknown whether the degree of protection is
similar in these two models.!¥! Isolated cardiomyocytes'42143 glso eliminate the interaction
with non-cardiac tissue. The major atiraction of this model is that it is very inexpensive and
therefore permits studies using agents and techniques, which cannot be afforded otherwise.

However, the lack of innervation and extracardiac factors in isolated hearts and myocytes
may be a shortcoming as evidence is now accumulating that brief supply or demand ischemia
it ather organs (kidney, small intestine and skeletal muscle) is capable of delaying myocardial
infarct development produced by a coronary artery occlusion.[*h15 Therefore, it appears that
to fully appreciate the processes by which the myocardium can be protected, the intact animal
is the most appropriate model.

Experimental design

The experimental protocol of an ischemic preconditioning study consists of five distinct
phases (i) stabilization period after surgery, (ii} the preconditioning stimulus, (iii) a period of
intermittent reperfusion, (iv) a prolonged period of test ischemia during which infarction
develops and (v) a period of reperfusion at the end of which the effect of the preconditioning
stimulus on infarct size is assessed. Each of these phases require some comment;

{1) Sandhu et al, 146 observed in anesthetized rabbits that a single S-minute coronary artery
occlusion limited infarct size development during a subsequent 30-minute occlusion when the
preconditioning stimulus was given shortly (5 minutes) after the surgical procedures were
completed, but was ineffective when the stabilization period was extended to 30 minutes. The
reason for this observation is unknown but the authors speculated that the stress associated
with surgery may have resulted in systemic release of catecholamines, a possible mechanism
involved in ischemic preconditioning.!4? This observation may be important for the design of
experimental protocols, in which different groups of animals are studied (for instance
comparison of the protective effect of a single versus multiple brief occlusions). Some
investigators avoid differences in the duration of the experimental protocol by adjusting the
duration of the stabilization period. But they should thus be aware that this could biur their
data.

(ii) In the vast majority of studies, the preconditioning stimulus consists of one or
multiple brief periods of ischemia preduced by abrupt occlusion and reperfusion of a coronary
artery,13? The preconditioning stimulus should produce no or omly negligible necrosis.
Depending on the severity of the flow reduction, partial coronary artery occlusions, alone!4% or
in the presence of airial pacing in order to produce demand ischemia,!4% can be used to
precondition the myocardiuim,
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(iii) Intermittent reperfusion between the preconditioning stimulus and the period of test
ischemia is required when complete occlusions are used to precondition the myocardium, but
may not be necessary when a partial occlusion is used to either precondition the
myocardium!3%15t or during the test period of ischemia.l52 The duration of the intermittent
reperfusion period is an important determinant for the outcome of preconditioning studies as,
depending on the species, protection is lost after a few hours (classic preconditioning or first
window of protection). However, in some species protection reappears after 24-48 hours
(sccond window of protection), illustrating that ischemic preconditioning is, at least in some
species, a biphasie phenomenon. 153,154

(iv) As far as the duration of the infarct producing sustained coronary artery occlusion is
concerned, one should take into account that infarct size development is different in the various
species,!35 Ischemic preconditioning has been shown in animals with!!? and without!?? a
coliateral circulation, implying that the extent of the collateral circulation is not crucial for the
occurrence of ischemic preconditioning, However, collateral biood flow is a major determinant
of infarct size and in order to obtain a proper assessment of infarct size collateral blood flow
should always be determined in species with a collateral circulation. Body temperature is
another important determinant of infaret size development with the magnitude of the effect
depending on the duration of the coronary artery occlusion,!36-158 The need for rigorous control
of temperature also follows from the observation that protection by ischemic preconditioning is
extended to fonger occlusion durations when the experiments are performed at lower body
temperature, 159

Abrupt and complete reperfusion after the sustained occlusion has been a feature of all
preconditioning studies except in the study by Kapadia et al.'6? The latter studied ischemic
preconditioning in closed chest pigs by subjecting them to instrumentation with a percutaneous
transluminal angioplasty catheter on which an artificial stenosis (82% diameter reduction and
30% flow reduction) was mounted just proximal to the balloon. Because the stenosis was left
in place during the entire experimental protocol, reperfusidn was incomplete. Although the
stenosis was not severe enough to precondition the myocardium by itself, the presence of the
stenosis did not prevent preconditioning by multiple balloon inflations. The presence of a
stenosis during reperfusion has yielded conflicting reports on infarct size as no changes!6l.162
as well as increases!63.164 have been reported. In trying to explain these differences, one must
keep in mind that the presence of a stenosis during reperfusion could lead to both persistent
endocardial ischemia as well as a limitation of the reperfusion-induced damage by preventing
an excessive burst of oxygen-derived free radicals. Nevertheless, a nice feature of the model by
Kapadia et al.19% is that it resembles a clinical condition (patients with a coronary artery
stenosis which becomes totally obstructed by thrombus and is treated with thrombolysis) more
closely than any of the abrupt total occlusion - total reperfusion models.
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(v) The vast majority of studies use the ratio of infarcted arca (IA) and the area at risk
{AR) to assess infarct size limitation by ischemic preconditioning, In the further analysis it is
then assumed that this ratio is independent of the area at risk i.e. the relation between AR and
IA is proportional. Several groups of investigators have however shown that this is true for
rats, 155 but not for pigs!’! and rabbits!65 i.e. the linear regression line relating infarcted area
and area af risk has a zero-intercept on the AR-axis. This implies that the mathematical
description of this relationship is IA=a*AR + b or IA/AR=a + b/AR. Especially for small AR,
IA/AR depends on AR. Thus unless AR exceeds 20% of the left ventricular mass, IA/AR
should be used with care, in particular when studies are compared in which the areas at risk
differ substantially.

Hibernation

While myocardial stunning and ischemic preconditioning were originally laboratory
observations, the concept of myocardial hiberation originates from clinical observations that
in some patients with coronary artery disease and chronic left ventricular dysfunction, wall
function improved after coronary bypass surgery.l6¢ The decreased wall motion before surgery
was therefore viewed as a chronic adaptive response to a reduced coronary blood flow, with
the reduction in contractility being reversible upon reinstatement of normal myocardial
pertusion. The clinical importance of hibernation is that viability of myocardium is preserved
due to restoration of aerobic metabolism, in the presence of a chronic blood flow reduction. 167
In an earlier issue of this journal, Hearse! made therefore a distinction befween physiologicat
and biochemical ischemia. In the latter condition the myocardium is metabolically distressed
and cell death will evolve when this condition is maintained for a prolonged period of time.
Hibernating myocardium can therefore be biochemical ischemic for only brief periods, while
its function is depressed chronically because of subnormal flow ie. the myocardium is
chronically physiologically ischemic,167 The most difficult modeling problem in hibernation is
therefore how to achieve a state of reduced flow (function), which does not cause infarction.

Hibernation should, by definition, be studied in chronic models, which implies the use of
awake animals in which blood flow in a coronary artery is chronically and sufficiently reduced
such that the reduced coronary blood flow leads to a permanent regional dysfunction (which
can be assessed continuously by sonomicrometry) but not to cell death. Regional metabolism
should also be monitored continuously in the distribution area of the obstructed coronary artery
and preferentially also in the normal myocardium fo determine the nature of the metabolic
adaptation. Essential for these models is that the function of the hibernating myocardium must
recover after blood flow is normalized. Finally, at the end of the study the post-hibernating
myocardium should be examined for the absence of cell death. None of the current models
have met all these requirements, although in several studies chronically instrumented animals
(pigs and dogs) have been employed in which regional dysfunction was produced for several
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days to months by partial narrowing of a coronary artery.5298,168-171 A further Jimitation of the
existing models is that concentric stenoses have been applied, thereby excluding a potential
role of the local intact endothelium as would have been possible if eccentric stenoses were
used. Because of the lack of coronary collaterals the use of the pigs appears to be
advantageous, when the flow restriction in the native coronary artery can be controlled,
However, Millard et al.2® have shown that coronary coilaterals also develop in pigs with a
fixed stenosis.

Based on the results of some studies in man!72173 and in animals,!7 some investigators
have hypothesized that chronic hibemation is nothing else than chronic stunning resulting from
repetitive stress-induced ischemia, rather than a chronic downregulation of function secondary
to a decreased coronary blood flow. If true, flow might be normal or almost normal under
resting conditions and even be increased during exercise-induced ischemia, while function
should refurn to normal after a sufficiently long stress-free period. To test this hypothesis
continuous assessment of regional myocardial function in patients with hibernating
myocardium is required. If confirmed, brief repetitive coronary artery occlusions in the
presence and possibly even in the absence of a mild stenosis, could produce hibernation,

In several studies, hibernation has been produced by partially restricting coronary artery
flow during periods ranging from only a few hours up to a few days.175-179 In these ‘short-term
hibernation models' the essential characteristics of chronic hibemation cannot be studied, The
usefulness of these short-term models is therefore lmited, but they may provide some insight
into the triggers leading to hibernation. However, for 'each short-term hibernation model’ it
should be shown that chronic hibernation develops if the model is used in chronic studies.
Otherwise the putative triggers identified in the short-term hibernation models' cannot be
related to the development of hibernation. Isolated heart models using sequences of no-flow
and low-flow ischemia have also been employed to study metabolic adaptation as a possible
trigger for hibernation.!8? This model is not only limited by the short time in which it can be
studied, but has also the disadvantage that it produces global ischemia, and lacks the
interaction with the other organs (neural reflexes) which may be vital in the development of
hibernation. For these reasons isolated heart models and other less well advanced models such
as isolated cardiomyocytes appear not to be very useful in the study of hibernation at the
present time,

Future developments

Molecular biotogists have provided physiologists in recent years with new animal models
of cardiovascular disease by altering the mammalian genome through introduction or
modification of genes. The mouse has become the animal of cheice because their genome is

well characterized, their cost is relatively low and a large series of animals can be obtained in a

-47 -



Brief Ischemia:a double-edged sword

short period of breeding. 18! Assessment of cardiac function in these transgenic mice (e.g. gene-
targeted knock-out) is essential for understanding the functional consequences of the
manipulation of the genome. Because in the past measurements of cardiovascular function in
mice have been rare, the possibilities to determine cardiac function in this species are just
developing.182 In recent years, however, we have witnessed the development of miniaturized
Langendorff preparations of isolated (work performing) mouse hearts for measurement of left
ventricular contractility and relaxation, 83184 ji sitie measurementis of aortic and left ventricular
pressure, 185186 the use of microsphere and dilution techniques for the determination of blood
fow and volumes,!¥7 the application of echocardiography for assessment of left ventricular
dimensions, wall thickness, mass, circumferential fibre shortening and left ventricuiar wall
stress-shortening relationships,!88-1% and the application of Doppler echocardiography to
obtain tracings from the left ventricular outflow fract for estimating peak blood velocity,!87
Desai et al,,1%! employing techniques, previously used in large animals, have described the
feasibility of chronic monitoring hemodynamic and metabolic parameters in conscious mice at
rest and during exercise,

The purpose of the aforementioned studies was to improve the ability to examine the
phenotypic changes after gene targeted manipulations rather than the study of myocardial
ischemia and ischemic syndromes, These fransgenic models will, however, become useful for
the study of processes invoived in myocardial ischiemia and ischemic syndromes, once we have
learned to apply our knowledge and techniques obtained in large animal studies.
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Ca* sensitization and diastolic function of normal and stunned porcine myocardium
Loe Kie Soei, Sandra de Zeeww, Rob Krams, Divk J Duncker, Pieter D Verdomny

Background: Ca® sensitizers prolong myofibrillar force development in vitro and might therefore
aggravate relaxation abnormalities of stunned myocardium, This is the first in vive study of
the effects of the thiadiazinone derivative EMD 60263 ((+)-5-(I-(alpha-ethylimino-3,4-
dimethoxybenzyl)- 1,2,3,4-tetrahydroquinoline-6-yl)-6-methyl-3,6-dihydro-2H- 1,3,4-
thiadiazine-2-on), a Ca**-sensitizing agent with negligible phosphodiesterase 111 inhibitory
activity, on diastolic function of regionally stunned myocardium,

Methods and Resuits: After producing stunning by two sequences of 10-min coronary artery
occlusion and 30 min of reperfusion, anesthetized pigs received either saline (n=7) or 1.5 and
3.0 mg/kg of EMD 60263 (1=8) or its enantiomer EMD 60264 (n=6}, which lacks the Ca*-
sensitizing properties but shares the bradycardiac action via inhibition of the delayed inward
rectifier K* current. In stunned myocardium, systolic shortening was reduced to 46+4% of
baseline (P<0.05) and mean rate of half end-diastolic segment lengthening, an index for
diastolic function, to 3534%; systolic shortening and mean rate of half end-diastolic
lengthening of remote normat myocardium remained unchanged. Saline did not affect these
parameters in stunned or normal myocardium. EMD 60264 did not affect systolic shortening
but decreased mean rate of half end-diastolic lengthening in normal myocardium to 61+8%
and in stunned myocardium to 16+5% of baseline. During saline and EMD 60264, normal and
stunned segments started to lengthen immediately after minimal segment length was reached
(aT=0). Low dosec EMD 60263 restored systolic shortening of the stunned region with no
effect on AT. The high dose increased systotic shortening above baseline and AT to 210430 ms
in both regions. Consequenily, mean rate of half end-diastolic lengthening increased to
661 1% in stunned, while decreasing to 55+3% in normal myocardium. After elimination of
bradycardia, AT and hence mean rate of half end-diastolic lengthening recovered in stunned
myocardium, but in normal myocardium the latter remained depressed because AT persisted.

Conclusions: In conclusion, both doses of EMD 60263 improved systolic as well as diastolic
function of sfunned myocardium. The high dose delayed relaxation of normal myocardium
without adversely affecting systolic function. (Ewr J Pharmacol, 1999;386:55-67)
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Introduction

In regionally stunned myocardium both systolic and diastolic function are depressed.i-3
Since a decreased responsiveness of the myofilaments to Ca®* is one of the plausible mechanisms
underlying stunning?, it is not surprising that the effects of Ca**-sensitizing agents on regional
systolic function of stunned myocardium have been investigated, Indeed, several studies in in
vivohs and in vitroS-8 models have shown that this class of drugs is capable of completely restoring
systolic function. However, since Ca’*-sensitizing agents may prolong force development of the
myofibrils®10, there is some concern that an increase in the myofibrillar responsiveness to Ca*
might delay the onset of left ventricutar relaxation, thereby impairing early left ventricular filling
and ultimately systolic function. This may be of particular importance under conditions in which
diastolic Ca™ concentrations are elevated such as heart failure!! and possibly myocardial
stunning!213, although in the latter case this is not a ubiquitous finding.14-18 Indeed, there are in
vitro studies that reported a Ca®* sensitization-induced impairment of relaxation in myocardium
obtained from normal!®-21, sturmed?® and failing hearts.2! However, in several studies no adverse
effects of Ca™*-sensitizing agents on diastolic function of normal myocardium i vifro 62224 and in
vivo23-27 or stunned myocardium in vitro57 could be demonstrated. Tmportantly, the agents used in
these studies (EMD 53998, EMD 57033, CGP 48506, MCI-154 and levosimendan) do not only
possess Ca’*-sensitizing but also phosphediesterase 111 inhibiting properties, 19 It can therefore not
be excluded that a potentially adverse effect of increased Ca® sensitivity on diastolic function was
blunted by the positive tusitropic effect of phosphodiesterase 111 inhibition.

Currently, there are no in vivo studies in which the effect of Ca®*-sensitizing agents without
phosphodiesterase inhibiting properties on diastolic function of regional stunned myocardium has
been evaluated. In the present study, we therefore assessed the effect of the thiadiazinone
derivative EMD 60263 ((+)-5- (I- (alpha-cthylimino-3,4-dimethoxybenzyl) - 1,2,3,4-
tetrahydrogquinofine-6-y1)-6-methyl-3,6-dihydro - 2H-1,3,4 -thiadiazine-2-on), a Ca™*-sensitizing
agent with negligible phosphodiesterase 111 inhibiting properties® 19, on regional left ventricular
diastolic function of stunned and adjacent normal myocardium. Since in vifro experiments suggest
that the nature of the response of normal as well as stunned myocardium may be dose-dependent?
two doses were chosen, one that is sufficient and one that is in excess of that required to resfore
systolic function. As an index of regional left ventricular diastolic function the mean rate of half
end-diastolic lengthening was employed.!28 Since EMD 60263 produces profound bradycardia®
that potentially could mask untoward effects on diastolic function, we also studied the actions of
EMD 66263 after its bradycardic action was abolished by atrial pacing. In addition, we compared
the actions of EMD 60263 to those of its (-) enantiomer EMD 60264, a compound that lacks the
Ca®*-sensitizing properties of EMD 60263 but shares its inhibitory action on the delayed rectifier
inward K* current, that is most likely responsible for the bradycardic action of EMD 60263.10
EMD 60264 shows some weak phosphodiesterase ITT inhibitory activity with a concentration for
haff maximum inhibition of this enzyme (1.4 uM), which is approximately one twentieth of that of
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EMD 60263 (see reference 10). Finally, disturbances in diastolic function are more likely to be
aggravated and thereby fo affect systolic function when the diastolic period is shortened.
Therefore, we also studied whether adverse effects emerged or were aggravated after heart rate
was increased above baseline levels in the presence of EMD 60263,

Methods

All experiments were performed in accordance with the "Guiding Principles in the Care and
Use of Laboratory Animals" as approved by the Council of the American Physiological Society
and with prior approval of the Animal Care Conunittee of the Erasmus University Rotterdam.

Surgical preparation

Cross-bred Landrace x Yorkshire pigs of either sex (n=21, 28-30 kg) were sedated with
ketamine i.m. (20-30 mg/kg, Apharmo, Huizen, The Netherlands) and anesthetized with
pentobarbital i.v. (20 mg/kg followed by 5-10 mg/kg per hour, Sanofi, Paris, France) before they
were intubated and connected to a respirator for intermittent positive pressure ventilation with a
mixture of oxygen and nitrogen; arterial blood gas values were kept within the normal range by
adjusting respiratory rate and tidal volume. Haemaccel (Behringwerke A.G., Marburg, FRG) was
administered via an infravenous infusion to maintain fluid balance. A micromanometer-tipped
catheter (B. Braun Medical B.V., Uden, The Netherlands) was inserted info the lefit carotid artery
and advanced into the left ventricular cavity for recording of eft ventricular blood pressure and its
first derivative (L VdP/dt), while a fluid-filled cathetgr was positioned in the descending acrta for
monitoring arterial blood pressure.:29

After administration of 4 mg pancuronium bromide (Organon Teknika, Oss, The
Netherlands), a midsternal thoracotomy was performed and the heari was suspended in a
pericardial cradle. An electromagnetic flow probe (Skalar, Delft, The Netherlands) was then
positioned around the ascending aorta for measurement of aortic blood flow (cardiac output) and
pacing leads were attached to the right atrial appendage and connected to a pacemaker. A proximal
segment of the left anterior descending coronary artery was dissected free for placement of an
atraumatic clamp, while the anterior interventricular vein draining the left anterior descending
coronary artery perfusion territory was cannulated for collection of local coronary venous blood.30

One pair of ultrasonic crystals was inseried inside the distribution territory of the left anterior
descending coronary artery and another pair inside the distribution territory of the left circumflex
coronary artery for measurement of regional myocardial function by sonomicrometry (Triton
Technology Inc., San Diego, CA, USA). Crystals were positioned in the midmyocardial layer
approximately 10 mm apart and parallel to fibre direction.

Experimental protocol and groups
Baseline values of systemic hemaodynamics and regional myocardial function were recorded
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after hemodynamic variables had been stable for at least 30 min following completion of
instrumentation. Afler arterial and coronary venous blood, samples were collected for
determination of hemoglobin, oxygen saturation and blood gas values, a batch (1-2x10°) of
radioactive microspheres (15+1 pm (8.D.), labeled with either *Se, **Nb, '™Ru, *Sn or "!Ce
(NEN Company; Dreieich, FRG), was injected into the left atrium, and a reference blood sample
was withdrawn at a rate of 10 mi/min for determination of regional myocardial blood flow.??
Subsequently, the distribution area of the left anterior descending coronary artery was stunned by
two sequences of 13-min occlusion and 30 min of reperfusion.3! At the end of the second 30-min
reperfusion period, the animals received either two doses (1.5 and 3.0 mg/kg administered
intravenously over 3 min} of EMD 60263 (n=8) or EMD 60264 (n=6) or two equivalent volumes
of the vehicle (3 and 6 ml of saline, n=7), separated by 15 min. Since both EMD 60263 and EMD
60264 produce bradycardia, measurements after the second dose of these compounds were
repeated afler heart rates were restored fo pre-drug levels observed following stunning (HR ) and
additionally after heart rate was raised to 30 beats/min above HR,, (HR_,,,). In the animals that
received EMD 60264, regional myocardial blood flows were not determined. Furthermore, in
these animals heart rate conid not be raised to HR,,,;, due to development of atrio-ventricular
block during pacing.

At the end of each experiment, normal and stunned myocardium were identified by a left
atrial injection of patent blue violet (Sigma, St. Louis, MO, USA) after the left anterior descending
coronary arfery had been reoccluded. The animals were then killed with an overdose of
pentobarbital, the heart excised and the left ventricle handled as described earlier to obtain regional
myocardial blood flow data.2®

Data analysis

Myocardial oxygen consumption of the perfusion territory of the left anterior descending
coronary artery was calculated as the product of local transmural myocardial blood flow
(radioactive microsphere data) and the difference in the oxygen contents of the arterial and local
coronary venous blood, while the area inside the left ventricular pressure-segment length loop was
taken as an index of external work.32.33 Mechanical efficiency was defined as the ratio of external
work and myocardial oxygen consumption per beat. The area inside the left ventricular pressure-
segment length loop reflects mechanical work but does not have the dimensions of work and
changes in mechanical efficiency have therefore been expressed as percentage of baseline?
Mechanical efficiency data are only presented for the distribution area of the left anterior
descending coronary artery, because myocardial oxygen consumption of the adjacent normal
myocardium could not be calculated as local coronary venous blood was not sampled from that
area.

Systolic shartening was computed as 100% . (EDL-ESL)Y/EDL, in which EDL (end-diastolic
length) and ESL (end-systolic length) are the segment length at the start and the end of left
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venfricular cjection, respectively. Post-systolic shortening was calculated as 100% . (ESL-
LioWEDL, in which L, is the minimum segment length after closure of the aortic valves. All
segment length data were normalized to an EDL of 10 mm at baseline. Analogous to the studies by
Tilton et al.28 and Charlat et al.l, we used as index for early diastolic function the mean rate of
half-end diastolic lengthening, which was defined as the slope of the line drawn from ESL to L,
which is the point midway between ESL and the following EDL ((Ls,-ESLY T, Fig. 1), We also
determined the time interval (AT) between L,;, and the onset of segment lengthening (1, + 0.1
mm) and calculated mean rate of half end-diastolic lengthening as the mean rate of segment
lengthening during the time interval between L;, + 0.1 mm and L.

All data have been presented as means + S.E.M., Statistical significance of the changes
produced by stunning were evaluated by paired t-test. The effects of the administered agents were
assessed by two-way analysis of variance for repeated measures followed by paired t-test wilh
Bonferroni adjustment. Statistical significance was accepted for P<0.05 (two-tailed).
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Figure 1 Definition of the mean rate of half end-diastolic lengthening (MRHEDL} during baseline conditions, stunning
and after the higher dose of EMD 60263, Notice that at baseline and during stunning the segment started to lengthen
immediately after L., (0) was reached, but that the onset of lengthening was delayed by AT after the higher dose of
EMD 602063 {see results). AT is the time interval in which the segment length increased from L, to L, + 0.1 mm {0). Ly,
is the point midway between ESL and the following EDL. MRHEDL (—) is the mean rate of lengthening between ESL and
Ly, while MRHEDL' ¢----}is defined as the mean rate of lengthening between L., + 0.1 mm and Ly, EDL and ESL are
the end-diastolic and end-systolic length, respectively; L., = minimal segitent length; Tpse = duration of post-systolic
shortening; Ty, = the time interval between ESL and Ly,

Drugs
EMD 60263 and EMD 60264 (E. Merck Darinstadt, Germany) were dissolved in saline,
Fresh solutions were prepared on the day of each experiment,
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Results
Systemic hemodynamics

At the end of the second occlusion-reperfusion ¢ycle, mean arterial blood pressure (6£3%),
cardiac output {15+4%), stroke volume (11+£6%), LVdP/dt,,, (21£5%) and LVdP/dt ;, (16+3%)
had decreased from their respective baseline levels (all P<0.05, n=21), while heart rate, left
ventricular systelic pressure and left ventricular end-diastolic pressure had remained unchanged
(Table 1).

Infusion of saline did not produce any changes in global systemic hemodynamic variables of
the control group, demonstrating the hemodynamic stability of the preparation. Increasing heart
rate to HR,,,,, via pacing decreased left ventricular end-diastolic pressure, stroke volume and
LVdP/dt,;, (all P<0.05), while LVdP/dt,,, was not affected. Administration of EMD 60264
produced dose-dependent decreases in mean arterial blood pressure, heart rate, LVdP/dL,,, and
LVdP/dt,,. A decrease in systemic vascular resistance, most hHkely secondary to the
phosphodiesterase HI inhibitory activity of EMD 60264, was responsible for the decrease in imean
arterial blood pressure, as cardiac output was not altered. The lower dose of EMD 60264 had no
effect on stroke volume, but the higher dose produced an increase (2548%, P<0.05), which was a
direct effect of the bradycardia as stroke volume returned to pre-EMD 60264 values after restoring
heart rate to HR,,.

Administration of EMD 60263 lowered heart rate (up to 46+3%), mean arterial blood
pressure {12+4%) and cardiac output (10+4%), but increased stroke volume {69+7%) and left
veniricular end-diastolic pressure (from 10+l to 1441 mmHg) (all P<0.05). Despite the
bradycardia, LVdP/dt,,, was maintained but LVdP/dt,,, showed a response similar to that
observed with EMD 60264, After elevating heart rate to HR, left ventricular end-diastolic
pressure, mean arterial blood pressure and stroke volume returned to pre-EMD 60263 values.
LVdP/dt,;, recovered partially, while the increase in LVdP/dt,,, did not reach ievels of statistical
significance, However, it is important that at corresponding time points and heart rates, EMD
60264 produced decreases in LVAP/dt,,,. The further increase of heart rate to HR ;o resulted ina
decrease in cardiac output due to a further decrease in stroke volume from 2512 to 1742 mi/min,
while left ventricular end-diastolic pressure increased from 10+! to 1342 mmHg (P<0.05 vs
saling}, LVdP;’dtmu as well as LVdP/dt;, did not change.

Myocardial oxygen consumption per beat and mechanical efficiency

In stunned myocardium transmural blood flow was decreased by 234+3% (n=21) without
affecting the endo-epi blood flow ratio. In the saline-treated animals no, changes were observed
during infusion of saline or after heart rate was increased to HR, 3. Because the difference in
arterial and coronary venous oxygen contents remained unchanged, myocardial oxygen
consumption of stunned myocardium decreased in parallel with transmural blood flow (Table 2).
in normal myocardium transmurai blood flow and the endo-epi flow ratio were not significantly
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affected.
Administration of EMD 60263 had no effect on myoeardial blood flow or the difference in

arterial and coronary venous oxygen content of stunned myocardinm. Consequently, myocardial
oxygen consumption also remained unchanged. Raising heart rate to HR 3, had no effect on
transmural myocardial blood flow, the endo-epi blood flow ratio or arterio-coronary venous
oxygen content difference. In normal myocardium, the endo-epi blood flow ratio decreased from
0.97+0.04 to 0.7940.05 (P<0.05) due to a decrease in subendocardial blood flow, when the pacing
rate was increased to HR ;.

Table 1 Systemic hemodynamics during infravenous infusion of EMD 60263 and its (-) enantiomer EMD 60264 in
anesthetized pigs with stunned myocardium.

Baseline Stunning D, D, HR, HR .5

CO (I min")

Saline 2.840.2 2,430, 1* 24102 2.410.1 2.340.2 2.4+).2

EMD 60264 2.620.2 2.1+0,2° 1.9+0.1% 1.940.2 1.840.2

EMD 60263 3.0+0.2 2.740.2 2.520.2 2.440,2% 2.540.2 2.230.3¢
HR (beats min™)

Saline 107+2 104+7 10546 102+6 10644 13816°

EMD 60264 108+4 109+4 913 805" 1084

EMD 60263 109£5 10044 735 541589 100+4 130+5°
LVSP (mmHg)

Saline 11143 10414 10443 10843 10945 10443

EMD 60264 1114 10243 9344 7935 7445°

EMD 60263 11342 108+3 10643 109+47 FG318 616
LVEDP (mmHg)

Saline 9x} 9+] 9x1 101 8+l 7+1®

EMD 60264 7+1 61 TEL 81 741

EMB 60263 1041 10x1 F1xl 14415 1041 1327
Lvdp/dt,., (mmHg sy

Saling 2110190 1660+£170* 1670+160 17001350 1660:140 17904160

EMD 60264 2030240 1560+£120° 1470140 1210x100* 1120£110°

EMD 60263 2130130 1640:£120° 1620£130 17205130 1870120 1670160
LVdP/At_,, (mmHg s

Saline -2120+150 -1780210° -1736G£E50 -1930:300 20104300 -2230H260%

EMD 60264 -2450+350 -20604310° -1240£140% -870£70% -870:£90"

EMD 60263 -2110490 17404808 -1 14041205 -890£110%  -12204130%  -1320%160°
MAP {tamHg)

Saline 8943 8434 8342 8642 8943 8743

EMD 60264 9245 85+3 7544b 614 61£5°

EMD 60263 G2 8743 79x3° Ppaated 84+7 73460
SV {ml)

Saline 2742 2341 231 24+ 22+] 17£1%

EMD 60264 244§ 19+2 2141 24+t 172

EMD 60263 2741 27| 342%™ 4543 2542 17420
SVR {dyneses cm™)

Saline 2640+240 2880+160 2800160 28804240 32004400 30404320

EMD 60264 29604240 3360+160 32804240 2640+240° 28804240
EMD 60263 2560+160 27204240 27204240 2720£240 2880+320 2960+320

D, and D,, 3 mi and 6 ml of saline for contsol and 1.5 mg/kg and 3.0 mg/ke for EMD 60264 and EMD 60263, respectively, HR,
pacing at heart rate observed during stunning; HR,,,,, pacing at 30 beats/min above HR,,. *P<0.05 Stunning vs Baseline; *P<0.05 vs
Stunning; ‘changes from Stunning are different (P <0.05) vs changes frem Stunning in the Saline group; “changes from Stunning are
different (P<0.05) vs changes frem Stunning in the EMD 60264 group; ‘changes from HR are different (P<0.03) vs changes from
HR,, in the Saline group {only for data at HR,,,,). Data are mean + 5.E.M.; n=7 (Salinc}; n=8 (EMD 60263)
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External work (per beat) of the left anterior descending coronary artery perfusion territory
had decreased by as much as 50% after production of stunning, While infusion of saline had no
effect on external work, the latter recovered almost completely during adminisiration of the lower
dose of EMD 60263 and increased to 130% of baseline (P<0.05 vs baseline) following
administration of the higher dose. In the left circumflex coronary artery perfusion territory,
external work had decreased slightly at the end of the second ischemia-reperfusion cycle. External
work was not affected by the lower dose of EMD 60263, but showed a similar increase as in the
stunned myocardium during the higher dose. Raising heart rate to HR_ 3, resulted in a signiftcant
falt of external work of both normal and stunned myocardium, which was accompanied by a
smalfer decrease in myocardial oxygen consumption per beat of stunned myocardium.

In view of the larger decrease in external work than in myocardial oxygen consumption per
beat, it follows that mechanical efficiency had decreased (to approximately 60% of baseline) in
stunned myocardium. This decrease remained unchanged during infusion of saline, but
administration of EMD 60263 completely restored mechanical efficiency, When heart rate was
raised f0 HR,,, mechanical efficiency tended to decrease (P=0.60).

Segment shortening during systole and post-systole

At the end of the occlusion-reperfusion sequences, systolic shortening had decreased to
46+4% of baseling in stunned myocardium, while systolic shortening of normal myoccardium
remained unchanged. Infusion of saline had no effect on systolic shortening of either the stunned
or normal myocardium, while the increase in heart rate to HR,,5, resulted in a decrease in systolic
shortening of stunned myocardium (P<0.05) and tended to decrease systolic shortening of normal
myocardium. Infusion of EMD 60264 and subsequent restoration of heart rate to HR,, had no
effect on systolic shortening in either the normat or stunned myocardium (Table 3, Figure 2 and 3}

After infusion of 1.5 mg/kg of EMD 60263, systolic shortening of stunned myocardium
increased from 9£1% to 15+1%, while systolic shortening of the normal myocardium increased
from 14+1% to 17+1% (both P<0.05). Administration of 3.0 mg/kg of EMD 60263 increased
systofic shortening of both the stunmed and normat myocardium even further to 24+2% and
22+1%, respectively (both P<0.05 vs pre-stunning baseline}. When heart rate was raised to HR;,
systolic shortening decreased to baseline values in both the stunned and normal myocardium and
to levels below baseline when heart rate was further increased to HR, 5.

Post-systolic shortening was negligible under baseline conditions, but became apparent
during coronary artery occlusion (Figure 2) and persisted during reperfusion. Neither infision of
saline nor that of EMD 60264 affected post-systolic shoriening, However, post-systolic shortening
was markedly attenuated after infusion of the lower dose of EMD 60263 and was completely
abolished after administration of the higher dose. Atrial pacing had no effect on post-systolic
shortening in any of the three experimental groups.
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Table 2 Myocardial perfusion and exygen consumption of regionally stunned myocardium during intravenous infusion of
EMD 60263 in anesthetized pigs with stunned myocardium.

Baseline Stunning D, D, HR 30
Satine ”
LADCA perfuision territory
Transmural flow {mb/min 100g") 15616 1214107 1119 12348 119+7
Endo/Epi 1.1420.05 [.1840.08 1174004 [.1920.05 1.1346,11
A (20, cont-cvO; cont) {pamol ml’)  2.8540.18 2.95+0.11 2.98+).12 3.0420.22 3.014+0.25
MVO, (pntolimin 100g™) 441426 353+£26° 331429 362+102 35347
MVO,,.., (mol 100g™) 4.140.3 3.440.2 3.240.3 3.640.2 2.640.1
E\wa (;n“;_Hgom_]n) 90+17 95420° 100£138 108423 63:&18‘J
Mechanical efficiency (%) 100 5749° 68+11 6010 53413
LCXCA perfusion territory
Transmutal flow (mlmin 100g™") 168+7 16015 143£15 148+8 14649
Endo/Epi 1.0540.05 0.98£0.06 0.94:0.07 0.9540.06 0.9140.04
EW,.,, (mmiHg+mm) 13610 120+14 115+12 114+14 3442[°
EMD 60263
LADCA perfusion terrifory
TFransmural flow (mbmin 100g™") 16745 12282 [19+11 HBx10 11617
Endo/Bpi 1,07+0.09 1.16+0.09* 1.13+0.09 1.1740.08 [.0720.07
A(a0, cont-cv0, cont) (ol mi") 2.9140.18 2.74+0,20 2.97+0.34 2,.9240.18 3.1020.22
MVO, {mol/min 100g™) 484427 328x19° 334427 ) 334412 357435 ,
MVOr, (ol 100g) 4.540.3 332020 4.740.4% 6.440.5* 2.7403
EW,.., (umHg'mm) 185421 S4il‘1a !SE&]:; 243:&2E:: 8919
Mechanical efficiency (%) 100 64+9 8948 10014 80+12
éﬁ:ﬁlﬂﬁ?ﬁ{z"? ’(::;ﬂfﬁf’; aogy 18047 164£10° 138£13 129£10° F16£17°
Endo/Epi 1.08£0.06 0.99+0.05° 0.99:0.04 0.9710.04 0.79£0.05°
16116 145£17* 16112 241415% 5848+

EWy.y (mmHgrmm)

LADCA=leftanterior descending coronary artery; LCNCA=Ileft circumflex coranary artery; D, and D, are 3 ml and 6 mi of saline for the

saline group and 1.5 mg/kg and 3.0 mg/ke for the EMD 60263 greup. HR ,,;0=pacing at 30 beats/min above the heart rate observed
durng stunning; p(20, cont-cv0, conty=dilference in the O, contents of the arterial and coronary venous blood; MVOQ,= regional
myocardial O, consumption; EW = external work; *P<0.05 Stunning vs Baseline; ®P<0.05 vs Stunning; “changes from stunning ar¢
different (P<0.05) lrom changes in saline group; ‘changes from D, are different {(P<0.65) vs changes from I, in saline group {only for
data at HR ,,.). Data are expressed as means S,E.M.; n=7 {Salinc); n=8 (EMD 60263} except for the measurenents at HR,,,, which
were for 6 and 7 animals, respeclively.

Rate of segment lengthening during diastole

The stunning protocol reduced the mean rate of half end-diastolic lengthening in the territory
perfused by the left anterior descending coronary artery to 35+4% of baseline (n= 21}, but had no
effect on the mean rate of haif end-diastolic lengthening of the adjacent normal myocardium
(96+£7% of baseline). Infusion of saline and the subsequent increase in heart rate to 30 bpm above
baseline did neither affect the mean rate of half end- diastolic lengthening of the stunned nor that of
the normal myocardium. Administration of EMD 60264 caused a dose-dependent decrease in the
mean rate of half end-diastolic lengthening of both the stunned and normat myocardium {o 16£5%
and 61+8% of baseline, respectively (both P<<0.05 vs stunning). During pacing at HR,,, mean rate
of half end-diastolic lengthening remained unchanged in both stunned and normal myocardium
(Figure 4),
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Table 3 Effects of EMD 60263 and its (-) enantiomer EMD 60264 on regional systolic shortening in anaesthelized pigs
wilh stunned myocardium.

Baseline  Stunning D, D, HR,, HR,
LADCA perfusion territory
End-diastolic length (mm}
Saline 1L.0H0.7  [2.040.6° 11.840.7° 11.820.7 11407 10.920.7°
EMD 60264 9.840.9 10.7£1.1* 10,8411 10.7+1.1 10.4+1.1% nm
) EMD 60263 12,012  13.0+1.4° 12.8+1.3 12.6£1.3° 15,741,2%  10.8£1.1°
Systolic shortening (%}
Saline 171 HEd 81 942 942 642
EMD 60264 1941 8+1° 7+l 6+2 443 nm
EMD 60263 1741 9x1* 15+1%9 244254 174] 0% 131
Post systolic shortening (%)
Saline 309 7.2:0.8° 6.240.8 5.6£1.1 5.140.7¢ 4.940.6°
EMD 60264 L5806 9.0£1.17 9.041.2 7.3£1.1 72414 nm
EMD 60263 1.3+0.4  7.0£0.8* 3.240.4% 0,550,250 082038 (3202%
LCXCA perfusion territory
End-diastolic length {rnm)
Saline 9.940.8  10.1+0.7 10.0+0.7 10.140.8 9.540.6 9.240.6°
EMD 60264 [0.520.8  10.3£0.8 10.440.8 14.740.8 10.4£0.8 nm
EMD 60263 114210 11.6%12  11.6+12 1.5£1.2 10.240.9 9.4:+1.04
Systolic shortening (%}
Saline 1241 1142 F1£2 11£1 142 942
EMD 60264 1442 13+1 13£] 1341 1242 nm
EMD 60263 1441 1441 Pl 224154 [2£1° g1t
Post systolic shoriening (%)
Saline 1.5£0.5 2.5£1.0 2.240.5 2.240.4 2.7+0.4 2.540.8
EMTI» 60264 0.440.2 L6+0.3 0.6+6.3 1.0+0.4 (.440.3 nm
EMD 60263 2.140.5 1.540.7 0.6+0.4" 0.5+0,3 0.840.4 0.6+0.2

D, and B, are 3 ml and 6 mil of saline for the saline group and 1.5 mpg/ke and 3.0 mg/kg for the EMD 60264 and EMD 60263 groups,
respectively. HR ~pacing at heart rate observed during stunning; HR,,;;=pacing at 30 beats/min above HR,,. *P<0.05 Stuaning vs
Baseline; *P<0.05 vs Stunning; “changes from Stunning are different (P<0,05) vs changes from Stunning in saline group; ‘changes from
Stunning are different {(P<0.05) vs changes from Stunning in the EME 60264 group; “changes from D, are different (P<0,05) vs changes
from B, in Safine group; changes from HR_, are different (P<0.05) vs changes from HR, in Saline group, nm = not measured. Data are
expressed as means = S.E.M.; n=T7 (Saline); n= 6 (EMD 50264); n=8 (EMD 60263).

Administration of EMD 60263 caused a dose-dependent increase in the mean rate of half
end-diastolic lengthening of the stunned myocardium (Figwre 4). However, at variance with
systolic shortening, recovery of mean rate of half end-diastolic lengthening was only partial (to
G6£11% of baseline; P<0.05 vs baseline). The major reason was that, while under baseline
conditions the segment started to lengthen immedialely after L, had been reached (AT=0), there
was a delay (AT= 210+£40 ms) in the onset of segment lengthening during administration of the
higher dose of EMD 60263, Once the segment started to lengthen, the rate of lengthening was not
different from control. At HR,,, mean rate of half end-diastolic lengthening increased to 92116%
of baseline predominantly because of a reduction in AT {o 6020 ms. The further increase in heart
rate to HR,,,;, did not affect mean rate of half end-diastolic lengthening (93+18% of baselineg). In
contrast to the stunned myocardium, mean rate of haif end-diastolic lengthening of the normal
myocardium decreased dose-dependently to 55+3% of baseline (P<0.05), due to a doubling of Ty,
The latter was again caused by an increase of AT to 21040 ms. Increasing heart rate 1o HR 4
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increased mean rate of half end-diastolic lengthening to 7741 1% as AT decreased to 130420 ms in
the normal myocardium; this decrease in AT of the normal myocardium was, however,
significantly less than in the stunned myocardium {P<0.05).

EMD 60283
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Figure 2 This recording of a representative experiment with EMD 60263 shows that systelic shortening already recovered
during infiston the lower of dose of EMD 60263 and that in both stunned (LADCA) aud normal (LCXCA) myocardium the
onset of segment lengthening was delayed after administration of the higher dose. ECG, electrocardiogram; AoP, aortic
pressure; LVP, left ventricular pressuve; LVAP/AL, left vemtricular dP/L: AoF, aortic blood flow; SL, segment length,
LADCA, lefl anterior descending coronary artery; LCXCA, left circumflex coronary artery.

Discussion
The use of Ca**-sensitizing agents in the treatment of cardiovascular conditions is still under

debate. While there is a general consensus that Ca* sensitizers may be superior positive inotropic
agents compared to beta sympathomimetic drugs as they can increase force production with no (or
negligible) increments in encrgy cost34-36, considerable concern has been expressed that the same
characteristics could slow relaxation and elevate diastolic tension 1921 Several studies have
examined the effects of Ca*-sensitizing agents on diastofic function of myocardium (Table 4).
These studies differ with respect to species, myocardial tissue localization {right vs lefl ventricle),
state of tissue (normal or diseased), type of agent used (“pure” Ca™ sensitizer or mixed Ca®
sensitizer / phosphodiesterase IIT inhibitor), doses used and the diastolic functional parameter that
is studied. Studies in isolated intact or skinned muscle fibers obtained from right or left ventricle
using EMD 53998, its (+) enantiomer EMD 57033, levosimendan, MCI-154 or CGP 48506 have
vielded equivocal results with either o change or a reduction in the rate of retaxation (Table 4),
while one study reported that the Ca®'-sensilizing substance caffeine improved relaxation.2d
Moreover, studies in isolated or i sifi hearts have shown that compounds such as EMD 57033,
MCI-154 and levosimendan do not exert a negative effect on diastolic function of both normal and
globally stunned myocardium, while MCI-154 enhanced relaxation in failing human3738 and
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canine myocardium.26 However, these agents also possess phosphodiesterase III inhibiting
properties and it has been argued that the beneficial effect of phosphodiesterase I11 inhibition on
diastolic function may have counterbalanced any adverse effect of the increased Ca®* sensitivity.
This argument cannot be dismissed as in hone of the aforementioned studies the agents were
administered in the presence of adrenergic blockade. This is also corroborated by the observation
that when levosimendan was administered in the presence of the selective bradycardic agent
zatebradine to prevent the tachycardia by levesimendan, the increase in the maximum rate of fall
of LV pressure and the decrease in the relaxation time constant tau were no longer observed,
indicating that the improved relaxation depended entirely on the tachycardia which is a feature of
phosphodiesterase LI inhibition.3? In a recent study in awake pigs, we observed that EMD 57033
either in the absence or presence of §-adrenoceptor blockade did not alter LVdP/dt,;, or LV end-
diastolic pressure.27 Those findings suggest that the tack of effect of EMD 57033 on diastolic
function is not simply the result of simultaneous myocardial phosphodiesterase IIT inhibition.
However, to allow the selective study of Ca**-sensitization on diastolic function in the present
study we employed EMD 60263, a compound that is devoid of phosphodiesterase 11T inhibitory
actions %10

LCXCA
30 ; 30
20 ] 20
*
]
104} {* 10
0 - 0
BLST S,S,S, E,E,E, -EEE, BLST §,8,S,
+ + + + + +
HR, HRy, HRy, HRy, HR, HR,,

Figure 3 Systolic shorteniug (S8) at baseline (BL), during stunning (8T) and after infusion of 2 volumes of saline (3 ml
[8,] and 6 ml {S,]) or two doses of EMD 60263 (1.5 mg/kg [E,] and 3.0 mg/kg [F,] } or EMD 60264 (1.5 mg/kg [-E,J and
3.0 mghg [-EJ). After administration of the Iigh dose the heart rate was ncreased to heart rate at stunning (HR,) to
eliminate the effect of bradycardia. *P <0.05 vs baseline; "P<0.05 vs stwming: LADCA = lefi anterior descending
coronary artery distribution avea; LCXCA = left eireumflex coronary artery distribution area.

In the present study, EMD 60263 produced a decrease in LVdP/dt;, (i.e., became less
negative), suggesting that it slowed the carly diastolic relaxation of the left ventricle as a whole.
However, this decrease was at least in part mediated by the bradycardic effect of EMD 60263, as it
was pariially restored when the hearts were paced at pre-drug levels. In the EMD 60264 group
elevating heart rate to pre-drug tevels did nof increase LVdP/dt,;,, furthermore suggesting an
adverse effect of inhibition of delayed inward rectifier K*current on early relaxation. It must
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therefore be assumed that the EMD 60263-induced decrease in LVdP/dt;, is at least in part due to
the effect on the delayed inward rectifier K'current.
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Figure 4 From top o bottom are shown the effects of EMD 60263 on (L,,-ESL), Ty, mean rate of half end-diastolic
lengthening (MRHEDL) and mean rate of half end-diasiolic lengthening (MRHEDL') at baseline (BL), during stunning
(ST) and after infuision of 2 vohumes of saline (3 mi {S,] and 6 ml [S,]) or two doses of EMD 60263 (1.5 mgikg (E,] and
3.0 mg/kg [E;] ) or EMD 60264 (1.5 mgrkg [-E,] and 3.0 mgfg [-E:]). Afler administration of the high dose the heart rate
was fncreased (o heart rate af stunnting (HR,) to eliminate the effect of bradycardia. Notice that Ty includes Tpy; (grey
bars} and AT (solid bars) (see Figure 1). *P<{.05 vs baseline; "P<0.05 vs stunning; LADCA = left anterior descending
coronary artery distribution area; LCXCA = left circumflex corouary artery distribution area.
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As index of “early” regional diastolic function we used analogous to Tilton et al.28 and
Charlat et al.! the mean rate of half end-diastolic lengthening. The latter group of authors! has
shown that in conscious dogs this index of early diastolic function is as severely depressed as
systolic function. Morcover, the time course of rate of recovery during the early hours of
reperfusion was faster for systolic than for diastolic function, although complete recovery of
diastolic function preceded that of systolic function. In the present study, the lower dose of EMD
60263 resulted in a complete recovery of systolic shortening, but in only a partial recovery of the
mean rate of half end-diastolic lengthening. With the higher dose of EMD 60263, systolic
shortening of the post-ischemic myocardium exceeded baseline values, but the mean rate of half
end-diastolic lengthening remained depressed at 66+11% of baseline.

The depressed mean rate of half end-diastolic lengthening associated with the high dose was
the result of a delay in the onset of segment lengthening (AT # 0), because once the segment started
to lengthen, the rate of lengthening was not different from baseline. To exclude that the effect of
EMD 60263 on the delayed inward rectifier K*currentand on heart rate contributed to the increase
in AT, we not only included a group of animals ireated with EMD 60264, but we also studied the
actions of EMD 60263 after eliminating its bradycardic action by atrial pacing, Since EMD 60264
did not cause an increase in aT, this suggests that the increase in AT with the higher dose of EMD
60263 was not the result of an effect on the delayed inward rectifier K*current. In addition,
retrospective inspection of diastolic function of normat and stunned myocardiwmn during infusion
of the selective bradycardic agent zatebradine, which reduced heart rate to 55 bpm#, indicates that
bradycardia per se can also not explain the delay in the onset of relaxation. Interestingly, pacing
biunted the delay in onset of relaxation, but this effect was more pronounced in the stunned than in
the normal myocardium,

The EMD 60263-induced increase in AT is consistent with in vitro reports that thiadiazinone
derivatives prolong the duration of force development by enhancing the crossbridge interaction
bebween actin and myosin.®10 This increase in AT may have an adverse effect on global left
veniricular function, as it could impair left ventricular filling of which the largest fraction normally
occurs during early diastole. Although after the higher dose of EMD 60263 left ventricular end-
diastolic pressure increased, we failed to observe an impairment in left ventricular function as both
the rate of segment lengthening and the end-diastolic segment length were not affected.
Furthermore, systolic function was not impaired as stroke volume even increased to above baseline
values. In a previous study using the same model, induction of bradycardia to simifar heart rates
with the specific bradycardic agent zatebradine increased left ventricular end-diastolic pressure to
the same extent without affecting end-diastolic segment length (unpublished data). Similarly,
zatebradine increased stroke volume although significantly less than EMD 60263.% These
observations suggest that left ventricular filling and global systolic left ventricular function were
not adversely affected by an increase in myofibrillar sensitivity to Ca* during the EMD 60263-
induced bradycardia.
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Table 4 Current studies of effects of Ca™~ sensitizers on diastolic function

Authors Model Myocardium Ca™ sensitizer Dose Relaxation-parameter Remarks

White et al. isolated ferret papillary muscle  normal EMD 57033 0.1-20 uM TizT at doses > 1 uM

(1993) stimulated electrically

Simnett et al. skinned fibers of guinae pig fight nermal EMD 57033 10 pM T4

(1993) ventricle

Pagel et al. anesthetized dogs normal levosimendan 0.5-4pgkgmin® iv - LVAP/dt,, <>, 14> ANS blockade

(1994) awake dogs normal levosimendan 0.5-4uglke min” iv LVAP/dt .y >, T > ANS blockade

Korbmacher et al. isolated rabbit hearts normal EMD 57033 30 UM LVvdpPidty, T,LVEDP &  LVSPincreased

(1994) stunned EMD 57033 30 uM LvdP/dt,, T, LVEDP «»  LVSP increased

Pagel etal. awzke dogs normal levosimendan 0.5-4ugkemin’ iv LVAPMeL, T, 14 HR held constant by

(1995) awake dogs normal levosimendan 0.5-4pg/kg min” iv LVdP/dt i, <>, T <> zatebradine

Mori etal. awake humans HD MCI-154 LSug/ke +0.12 b AV e >

(1995) pgke min' iv

Korbmacher et al. isolated rabbit hearts stunned EMD 57033 10-30 pMe LVEDP <, ¢P/dtmn T

(1995} LvspT

Hgashiyama et al. isolated gjecting rabbit hearts normal EMD 57033 5-5.8 M LVdP/ Gty <> Tiz T,

(1995) LVEDP T

Haikala et al. paced guinae pig normal levosimendan 0.03-3pM “relaxation time™ <>

(1995) papillary muscle EMD 53998 0.1-3uM “yelaxation trae™ T

Hajjar et al, human LV trabeculac normal EMD 57033 1-50 uM DF T, Teoee T effect greater in failing

(1997) failing than in normal hearts

Palmer and Kentish  rat skinned RV trabeculae normal Caffeine 20 mM i

(1957) CGP 43506 10 pM T4

Takaoka et al. kumans HD MCI-154 1.5-3ug/kg+ 16.6- PCWPL

(1997) 33.2 pp/min iv

Korbmacher et al. isolated rabbit hearts normal and EMD 60263 3pM LVdP/dty, T Detrimental effects less

(1997) stunned 10 uM LVdP/dt,,, < in stunned than normal
30 uM LVdP/dt,, ¥ hearts

Teramura et al. open-chest dogs normal MCI-154 Ipg/fkg min iv T >

(1997) failing MCI-154 Tug/kg min v Tz v

Stubenitsky et al. awake swine normal EMD 57033 0.2-0.8me/kg min” iv  LVAP/dt.y <> Similar response after

(1997) LVEDP ¢ B-blockade

IHD = ischemic heart disease; Ty = time to 50% peak tension or peak pressure; Tggy, = time to 80% peak tension; © = time constant of tension or pressure decay: LV(SP) = left ventricular (systolic
pressure); RV = right ventricular: DF; diastolic foree; LVAP/dty, = maximum rate of fall of LV pressure; PCWF = pulmonary capillary wedge pressure; ANS = autonomic nervous systerm.
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in the present study restoration of heart rate to pre-drug levels {HR ) in the presence of EMD
60263, decreased systolic shortening in both stunned and normal myocardium, while the effects on
regional diastolic segment dynamics differed between stunned and normal myocardium. The
different response of the delay of relaxation to pacing in stunned and normal myocardium was
unexpected, particularly in view of evidence that pacing can induce an increase in intraceliular
Ca®* concentration*®#! during both systole and diastole, which would tend to augment the EMD
60263-induced diastolic relaxation abnormalities. On the other hand, Kusuoka et al.#2 reported that
pacing increases intracellular inorganic phosphate levels, which could reduce the myofibrillar
sensitivity fo Ca®. The latter observation may explain why despite an increased diastolic
intracellular Ca® concentration pacing improved relaxation in the stunned myocardium (i.e.,
reduced the time delay to onset of segment lengthening). The persisting delay in segment
lengthening in normal myocardium during pacing at a time when diastolic function of stunned
myocardium was normal is supported by in vifro observations of Korbmacher et al.8 in isolated
rabbit hearts. This finding suggests that, despite the presence of EMD 60263, a difference in
myofibrillar Ca® sensitivity remains between stunned and normal myocardium.

The prolonged development of force could be most detrimental when diastole is shortened,
i.e., at higher heart rates. Thus, to study the physiological significance of the observed defay in
diastolic lengthening, we paced the hearts at 30 beats/min above stunning level (HR,,,). Pacing at
HR,,,,, decreased the duration of diastole to below baseline value which in the satine-treated group
decreased end-diastolic segment length and systolic shortening of both stunned and normal
myocardium. The delay in diastolic lengthening produced by EMD 60263 further shortened the
pericad of diastolic lengthening and resulted in a decrease in end-diastolic length of both stunned
and normal myocardium and an impairment of systolic shortening. However, only the changes in
normai myocardivm and not in stunned myocardinm of the EMD 60263 treated group were
statistically significant compared to the changes in the saline-treated group. This finding suggests
that diastolic function of normal myocardium is more susceptible to increases in myofibrillar Ca™
sensitivity than that of stunned myocardium, which is supported by observations in normat and
post-ischemic isolated rabbit hearts.8

Another important point to consider in the assessment of the effect of Ca**-sensitizers on
diastolic function is the dose required to normalize systolic function relative to the dose at which
Ca®"-sensitizers exert a negative effect on diastolic function. In the present study the higher dose
(3.0 mg/kg, iv) is in excess of that needed to restore systolic shortening of stunned myocardium.?
Indeed, in the present study, 1.5 mg/kg already normalized systolic segiment shortening but had no
adverse effect on the onset of relaxation. Similarly, previous studies have also indicated that the
impaimment of diastolic finction by Ca*-sensitizers is likely a dose-related finding. Thus, Hajjar et
al.2! reported that EMD 57033 exerted its negative lusitropic effects in normal human myocardium
at doses higher than 10 M. Korbmacher et al.8 observed, however, that at 3 M EMD 57033
increased LVdP/dt . in post-ischemic isolated rabbit hearts by 50% while improving early
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relaxation. A further increase to 10 pM had no additional effect on LVdP/dt_,, but tended to
decrease the maximum rate of relaxation. Finally, at 30 uM and consistent with the report of
Hajjar et al.2!, diastolic function was seriously impaired resulting in deterioration of systolic
function.

In conclusion, in the present study, both doses of EMD 60263 improved systolic function
(shortening and mechanical efficiency) as well as diastolic function (mean rate of half end-
diastolic lengthening) of stunned myocardium. The high dose delayed relaxation of normal
myocardium but without adversely affecting systolic function in the presence and absence of the
EMD 60263 induced-bradycardia.
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Cardiovascular profile of the calcium sensitizer EMI 57033 in open-chest
anesthetized pigs with regionally stunned myocardium
Sandra de Zeeww, Serge AIP Trines, Rob Krams, Dirk J Duncker, Pieter D Verdouw

Background Ca® sensitizers enhance systolic function, but impair relaxation in vitro; these
effects may differ in stunned and norimal myocardium, We therefore studied the effect of
EMD 57033 on systolic and diastolic function of normal and stunned porcine myocardium
in vivo.

Methods and Results Myocardial stunning by 15 min coronary occlusion and 30 min
reperfusion, abolished systolic shortening (SS) (baseline 13+l %) and decreased end-
systolic elastance (B,) from 67£7 to 4745 mmHg mm™ (both P<0.05). Maximum rate of
fall of myocardial elastance (dE/dt,;) decreased from -850+100 to -320+£30 mmHg/mm s
!, while the time constant 1, of the decay of elastance increased from 5843 to 68+6 ms
(both P<0.05). End-diastolic elastance (E,;) was unchanged although the zero pressure
intercept (Lg.q) had increased, In the stunned region, EMD 57033 (0.2 mg/kg min™ for 60
min, i.v., n=7) increased SS to 1942 %, E_, to 28740 mnHg mm™, dE/dt ;. to -3630£640
mmHg/mm s and decreased 1, to 50£3 ms, while Ey remained unchanged. In the normal
region, EMD 57033 increased SS from 1442 to 1833 %, E,, from 594 to 263+23 mmkig
mm?, dE/dt,;, from -480+70 to -2280+700 mmHg mm™ s and decreased 1, from 9112
t0 6143 ms (all P<0.05), while E, remained unchanged, These responses were minimally
affected by adrenoceptor blockade (n=7). Vehicle (n=7) had no effect on either region.
EMD 57033 increased cardiac output {up to 2748 %) and LVdP/dt,,, (86£19 %). Mean
aortic pressure decreased (1947 %) due to systemic vasodilation that was not amenable to
blockade of adrenoceptors or NO synthesis.

Conclusions In conclusion, EMD 57033 restored systolic and diastolic function of stunned
myocardiom, and produced similar improvements in systolic and diastolic function in
normal myocardivm. (Br J Pharmacol, 2000;129:1413-1422)
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Infroduction

Stunned myocardium is characterized by both a depressed systolic and diasiolic
function.!3 Since a decreased responsiveness of the myofilaments to caleium (Ca?*) has been
implicated in the mechanism underlying stunning, several groups of investigators have
successfully employed “Ca*-sensitizing agents” to restore systolic function of stunned
myocardium in a variety of in vivet$ and in vitro®-8 models. It has been suggested that the
inotropic response to Ca**-sensitizers may differ between stunmed and normal myocardium.
For instance, we have shown that the EMD 60263-induced increase in regional systolic
shortening in stunned myocardivm of anesthetized pigs was much more pronounced than that
in normal myocardium.# However, systolic shortening is strongly load-dependent, even more
50 in stunned myocardium, and does not necessarily reflect myocardial contractility.” That also
the lusitropic response to Ca*'-sensitizers in stunned and normal myocardium may differ was
suggested by Korbmacher et al.8, who showed that in response to high doses of EMD 60263
global diastolic function deteriorated more in normal than in globally stunned isolated rabbit
hearts, However, data on diastolic functional responses of stunned myocardium to Ca®-
sensitizing agents in vivo are currently lacking.

In view of these considerations, we studied the effecis of EMD 57033 on regional
systolic and diastolic function in an /n vive porcine model of stunned and normal myocardium,
EMD 57033 was chosen because it is a thiadiazinone derivative, that lacks the inhibitory
action on the delayed rectifier inward current that is exhibited by EMD 60263 and which may
potentially modify systolic and diastolic responses by prolongation of the action potential
duration,!® However, EMD 57033 possesses phosphodiesterase T inhibiting properties (which
EMD 60263 lacks) that could act to enhance systolic and diastolic function.!® Therefore, we
also studied EMD 57033 in the presence of «- and B-adrenergic receptor blockade. To
circumvent the problem of load-dependency of systolic shortening we employed, in analogy to
the time-varying elastance concept, regional LV end-systolic pressure-segment length relations
to obtain a more load-independent measure of regional myocardial contractility.!! Also based
on the time-varying elastance concept we determined regional LV end-diastolic pressure-
segment length relations to describe diastolic function, Since the latter is a measure of late
diastolic function, we also defermined the maximum rate of fall (dE/dt ) and the time
constant (1.} of the decay of myocardial elastance to describe early diastolic function.

Methods
Animal care

All experiments were performed in accordance with the “Guiding Principles in the Care
and Use of Laboratory Animals” as approved by the American Physiological Society and with
prior approval of the Animal Care Committee of the Erasmus University Rotterdam,
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Animal preparation

Cross-bred Landrace x Yorkshire pigs of either sex (28-36 kg) were sedated with
ketamine i.m. (20-30 mg kg, Apharmo, Huizen, The Netherlands) and anesthetized with
sodium pentobarbital i.v. (20 mg kg, Sanofi, Paris, France), before they were intubated and
connected to a respirator for intermittent positive pressure ventilation with a mixture (1:2
vol%) of oxygen and nitrogen. Arterial blood gas values were kept within the normal range
(pH: 7.35-7.45; pCO,: 35-45 mmHg; pQ,: 100-150 mmHg) by adjusting respiratory rate and
tidal volume. Fluid-filled catheters were placed in the superior caval vein for administration of
sodium pentobarbital (5-10 mg/kg h') to keep a constant depth of anesthesia and for
administration of Haemaccel (Behringwerke A.G., Marburg, Germany) fo mainfain fluid
balance. A fluid-filled catheter was positioned in the descending aorta to monitor arterial blood
pressure, while a micromanometer-tipped catheter (B. Braun Medical B.V., Uden, The
Nethertands) was advanced into the left ventricle to measure LV blood pressure and its first
derivative (LVdP/de). In order to construct the LV pressure-segment length relations a balloon
catheter was positioned in the inferior caval vein for varying LV preload.

After administration of pancuronium bromide (4 mg, Organon Teknika, Oss, The
Netherlands) a midsternal thoracetomy was performed and the heart suspended in a pericardiai
cradle. Then, an electromagnetic flow probe (Skalar, Delft, The Netherlands) was placed
around the ascending aorta to measure ascending aoriic blood flow (cardiac output). A
proximal segment of the left anterior descending coronary arfery (LADCA) was dissected fiee
for placement of a Doppler flow probe (Crystal Biotech, Northboro, MA, USA) to measure
coronary blood velocity and for placement of an atraumatic clamp for occlusion of the artery,
The vein accompanying the LADCA was cannulated for collection of blood samples for
determination of coronary venous O, content,

Regional myocardial function was measured using sonomicromefry (Triton Technology
Inc., San Diego, CA, USA} by placing one pair of ultrasonic crystais in the distribution area of
the LADCA and one pair in the distribution area of the left circumflex coronary artery
(LCXCA). Each pair was implanted in the midmyocardial Tayer approximately 10 mm apart
and parallel to the fibre direction.

Experimental protocols

After a 30-45 min stabilization period, baseline data of systemic hemodynamics and
regional myocardial function were recorded, while arterial and coronary venous blood samples
were collected. Preload was transiently reduced (< 12 s)!! by inflation of the batloon in the
inferior caval vein for determination of the LV pressure-segment length relations,
Subsegquently, the LADCA was oceluded for 15 min and after 15 min of reperfusion the 21
animals were randomly allocated to one of three groups, The first fwo groups received either
intravenous 0.5 mi min™! propylene glycol (n=7) or 0.2 mg/kg min™' EMD 57033 (1=7) during
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60 min. In 5 animals of the latter group blood samples were collected at 15 min intervals and
the plasma stored at -25°C until determination of ptasma levels of EMD 57033, Tissue samples
were collected from various organs in two animals at the end of the experiment for
determination of EMD 57033 levels. The third group (n=7) received EMD 57033 after
adrenoceptor blockade to eliminate the putative dependency on adrenergic activity of the EMD
57033-induced changes. For this purpose, the «- and B-adrenoceptors were blocked after 15
min of reperfusion, i.e. 15 min before administration of EMD 57033 by intravenous infusion of
I mg kg phentolamine and 0.5 mg kg propranolol (followed by 0.5 mg/kg h'), respectively.
The adequacy of the doses of phentolamine and propranolol has been demonsirated
previously. 1213 Since we observed that the systemic vasodilation produced by EMD 57033
was unmitigated in the presence of combined ¢- and B-adrenoceptor blockade, we added a
fourth group of pigs (n=4) in which EMD 57033 (0.2 mg/kg min i.v.) was infused afier 30
min of reperfusion in the presence of «- and B-adrenoceptor blockade and blockade of NO
synthesis,!4 NO synthesis was inhibited with N*- nitro-L-arginine (20 mg kg, i.v.).!1

In the first three groups of animals, regional myocardial blood flows were determined by
intra-atrial injection of 1-2x10° radioactive microspheres [15+1 um (s.d.) in diameter] Iabelled
with either *“Sc, *Nb, "Ru, '“Sn or *'Ce (NEN Company, Dreieich, Germany), using the
arterial reference sampling technique.i® At the end of each experiment, the LADCA was
ligated at the site of occlusion and the area perfused by the LADCA was identified by
intracoronary injection of patent blue violet (Sigma Chemical Co., St Louis, USA})
Immediately thereafter, the animals were killed with an overdose of pentobarbital and the heart
excised and handled as described earlier in order to obtain regional myocardial blood flow data
in the LADCA and non-LADCA regions. 1617

Data acquisition and analysis

Systolic and post-systolic shortening. All segment length data were normalized to an end-
diastolic length (EDL) of 10 mm at baseline to correct for variability in the implantation
distance between the crystals. Systolic shortening (S8S) was computed as 100% -« (EDL-
ESLYEDL, in which EDL and ESL {end-sysfolic length) are the segment length at the onset of
the rapid increase in LV pressure (LVdAP/dt = 250 mmHg s7) and at the end of LV ejection,
respectively. Post-systolic segment shortening (PSS) was calculated as 100% (ESL-L,; . YEDL,
in which L_;, is the minimum seginent length after closure of the aortic valves.

Regional myocardial elastance using the LV pressure-segment length relations. Regional
myocardial end-systolic and end-diastolic elastance were determined from the LV pressure-
segment length relations which were obtained by varying preload (Figure 1A), Using linear
regression analysis end-systolic elastance (E,) and the segment length at zero pressure
intercept (L,.,) were obtained applying the iterative method described by Van der Velde et
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al.18, while end-diastolic elastance (E,4} and the segment length at zero pressure intercept (Lgo)
were determined using the time point at which LVdP/dt had increased to 250 mmHg s,

To describe early diastolic function in the LADCA and LCXCA regions we determined
the time course of instantancous regional elastance using the corresponding L. of the
LADCA and LCXCA regions, obtained during the preload reduction (Figure 1B). From the
time course of elastance (in analogy to the global LV indices of relaxation) we determined the
time constant {t,) of the elastance decay between the occurrence of the maximum rate of fall of
regional myocardial elastance (dE/dt,;) and the time point at which regional elastance had
decreased fo 20% of the peak systolic elastance at baseline. For this purpose the decay in
elastance was fitted to E(f) = B, e where E(f) is the instantaneous elastance at time point t,
and E, is the elastance at dE/dt, ;. Finally, to study alterations in the onset of relaxation, we
measured the duration of regional myocardial systole in the LADCA (T . rapca) and
LCXCA (T, 1oxea) perfused regions, which was defined as the time interval between the
onset of the rapid increase in regional elastance and the occurrence of dE/dt,,, in analogy to
the determination of the duration of global LV systole.

100
207 A LVESP-SL |8
< L~ dE/dt,,,
£ .
o
. £
2 £ B, E(t=E,e"™
: = 50
b o
: 8
[
u_(g 20% Eas_BL
Tsvslole ,,,,,,,,,,,,,
0

Time {s)

Segment Length

Figure 1 Left veantricular (LV) pressurve-segment length relations during transient decrease of preload (A). External
work (EW,.) was determined by integrading the area enclosed by the pressure-segment length loop over a full
cardiac cycle. Regional end-systolic (., ) and end-diastolic (E.J) elastance were defined as the slopes {tan o and tan
4 of the LV end-systolic pressure-segurent length (LVESP-SL) and LV end-diastolic pressure-segment length
(LVEDP-SL) relations, respectively, From the time-elastance curve the duration of systole (T,,,...,) and the maximum
rafe of fall of elastance (dE/ML,,;) were determined (B). The time constant (t) of the elastance decay between the
accurrence of the maxinmon rate of fall of regional myocardial elastance (dE/dL,,,) and the time point at which
regional elastance had decreased to 20% of the peak systolic elastance at baseline was determined by fitting the
decay in elastance to E(t) = E, ™ where E is elastance, t is ifure, and E, is the elastance at dE/dL, ..

To complement these regional myocardial measurements we also determined the time
consfant of global LV pressure decay {tyy,) during the time-interval between the occurence of
LvdP/dt;, and the timepoint when LVP had reached 5 mmHg above LV end-diastolic
pressure.!9 The duration of global LV systole (Tys, 1v) was defined as the time interval
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between the onset of the rapid increase in LV pressure (LVdP/dt = 250 mmHg s7) and end-
gjection.

Myocardial oxygen consumption, external work and mechanical efficiency. Myocardial
oxygen consumption (MVQ,) of the perfusion territory of the LADCA was calcufated as the
product of local transmural myocardial biood flow and the difference in the oxygen contents of
the arterial and local coronary venous blood. The area inside the LV pressure-segment length
foop (Figure 1) was taken as an index of external work per beat (EW,,,),2%-22 while mechanicat
efficiency was defined as the ratio of EW,,,, and MVO, ... Because EW reflects mechanical
work but does not have the dimensions of work, the changes in mechanical efficiency have
been expressed as percentage of baseline.

Determination of plasma and tissue concentrations of EMD 57033

To 600 pl of plasma or homogenized tissue 500 pl of water saturated ethylether was
added and mixed. After the organic and aqueous phases were separated in an Eppendorff table
centrifuge, the organic top layer was removed and collected in an Eppendorff vial, This
extraction procedure was repeated five times and the efher phases were collected separately.
Thereafter the ether was evaporated in a speed vac centrifuge and the residuals were
resuspended and dissolved in 300 pl acetonitril. The amount of EMD 57033 in a given plasma
or tissue sample was determined on a HPLC system. To this end 30 pl of the acetonitril
solutions was injected on a LiChrosorb RP 8 (Spum) RT 125-4 column (Merck KGaA), which
was equipped with a Hibar LiChroCart 4-4 precolumn (Merck KGaA). The column was
equilibrated and developed in a buffer composed of 35% acetonitrif and 65% 0.1 M sodium
phosphate, pH 6.0 at a flow rate of 1 ml min’'. The elution was monitored at a wavelength of
320 nm. The concendration of EMD 57033 was determined from the area of the peaks eluting
at the appropriate time from the column by comparison with the values determined for
identically treated standard samples, The plasma concentration of a given blood or tissue
sample was determined by adding the peak areas of the ether extraction samples.

Statistical Analysis

All data have been presented as mean + s.e. mean. Statistical significance (P<0.05, two-
tailed) of the changes within each group was tested using one-way analysis of variance for
repeated measures followed by Dunnet’s test. Comparison between the changes produced by
the different interveniions was assessed by two-way analysis of variance for repeated

MeAasures.
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Drugs

EMD 57033 (the (+) enantiomer of 5-[1-(3,4-dimethoxybenzoyl)-1,2,3,4-tetrahydro-6-
quinolyl]-6-methyl-3,6-dihydro-2H-1,3,4-thiadiazin-2-one; E. Merck KGaA, Darmstadt,
Germany} was dissolved in propylene glycol so that an infusion rate of 0.5 mi min’
corresponded to 0.2 mgikg min! EMD 57033. Propranolol hydrochloride (ICI-Pharma,
Rotterdam, The Netherlands) and pheniolamine-methanosulfonide (CIBA-Geigy, Basel,
Switzerland) were dissolved in saline. N*- nitro-L-arginine (Sigma Chemical Co., St Louis,
USA) was dissolved in deionized water. Fresh solutions were prepared on the day of each
experiment,

Resulis
Systemic hemodynamics

During the 15 min LADCA occlusion, mean arterial pressure had decreased from 10042
mmHg at baseline to 92+2 mmHg (n=21, P<0.03), Since the decrease in mean arterial pressure
was accompanied by a similar fall in cardiac output it follows that systemic vascular resistance
had remained unchanged. LVdP/dt,., decreased by 1423 %, but T, was not affected.
However, LVdP/dt,;, decreased from —2000+70 to —1590470 mmHg s (P<0.05), while T,yp
and LV end-diastolic pressure increased (Table 1), After 15 min of reperfusion there was no
recovery in any of the hemodynamic variables, except for LV end-diastolic pressure which had
refurned to baseline values, In the following [5 min the changes were negligible in the 14
animals which were left untreated, but in the other seven animals adrenergic blockade caused
marked decreases in mean arterial pressure, heart rate, cardiac output, LVdP/dt,, and
LVdP/dt,,;, (to —1340+140 mmHg s, (P<0.05), and caused a further increase in Ty, While
T,

ystete WS maintained.

Infusion of the vehicle had minimal effects on systemic hemodynamics and global LY
relaxation parameters (Table 1). In contrast, infusion of EMD 57033 caused a marked decrease
in mean arterial pressure due fo a decrease in systemic vascular resistance. LV systolic
pressure did not change during the first 30 min (11348 mmHg), but fell {o 94+7 mmHg during
the following 30 min, There was a gradual increase in LYdP/dt . up to 186+19 % of its
stutning value {thereby exceeding the baseline value), which reflected an increase in global
contractility as preload (LV end-diastolic pressure) and afterload (LV systolic pressure) both
decreased. LVdP/dt,;, and 1., remained unchanged inifially, but after 60 min LVdP/dt,,,
became fess negative by 430+£190 mmHg s and 1,y had increased by 1944% (P<0.05 vs
vehicle) at a time when heart rate had increased and LV systolic pressure had decreased
slightly. The increase in heart rate was also likely to be responsible for the decrease in T ..
The effects of EMD 57033 did not depend on the activity of the adrenergic system, as the
increases in heart rate and LVdP/dt . and the decrease in systemic vascular resistance were

not affected when EMD 57033 was administered in the presence of adrenoceptor blockade.
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LVdP/dt,,,, however, became more negative initially by —430£110 mmHg s (P<0.03), but
bad returned to stunning values at 60 min of infusion, possibly because LV systolic pressure
was maintained during the infusion. Finally, 7, v, remained unchanged.

Table 1 Effect of EMD 57033 on Systemic Hemodynamics in Anesthetized Pigs with Stunned Myocardium.

Baseline 15 min [5 min Adrenergic 30 min A, by Infusion
Ocelusion  Reperfusi Blockade  Reperfusio  Infusion 30 min 60 min
on n
{n=21) (n=21) (=21}

MAP ~ 0434 PG 543 143
mmllg 1002 9242+ o1x3*% EMD 246 18474

+ 6846 EMD 1143t -3+2
co 7.540.1 PG 0.2+0.1 0.220.1}
I min™! 2.740.1 24204 2,540.1* ) R EMD 0.6+0.14% 0.320.2!

+ 2.040.11  EMD 0.9£0,1% 0.9+0.218
SVR 191 PG L1135 22.8+1.2
mmHg min I 37+ 39£] 3742 . EMD S7.5483.00 1164300

+ 331 EMD -5.9+0.81% -11.340.9%
HR ) L1046 ra 742 g4
Bpm 11744 254 12445 EMD 6441 16+8%

+ 8047 BMD 11:£2% 19£4%
LYSP PG 743 RESL]

- 108+4 "
mmHg 1H4L2 105z2*% 1043+ EMD 57 -14+6

+ B4£5 EMD 634 5431
LVdP/d,,, TR . 10£H00 13029
mmHg s 1850450 1620+80%  1470£70* N EMD T60£E401  1230:200%

+ 1060801 EMD 8801109 1380+210"
Toete . 316211 PG 20434 19451
ms 3007 30848 3059 EMD -16£74 27144

+ 340:9'  EMD ~2651 3594
Tove ) 5343 PG 2.320.7 2.3£1.4
ms 40+£2 52+2% S0+2¥ EMD 4,717 11.042.6M

+ 57x4t EMD 2.0£5.4 -6.325,18
LVYEDF ) 7.240.8 PG J740.3 0.3£0.3
mmHg 6.320.6 10.1:0.7¢ e EMD  -2.02041 -1.940.70

7.620.7¢ + 9.0£1.2  EMD  2,5:0,641 -3.940.71%
MAP, mean arterial pressure; HR, heart rate; CQ, cardiac output; LVSP, left ventricular systolic pressure; LVdP/dt .,
maximal rate of dse in left veatricular pressure; LVEDP, [eft ventricular end-diastotic pressure; SVR, systemic vascular
resistance; PG, propylene glycol (n=7); EMD, EMD 57033 (0.2 mg/kg min™*, n=7 in each group); -, no « and f§ blockade; +, &
and f blockade; Values are meant s.e, mean; *P<0.05 vs Baseline {only for 15 mir Qcclusion and 15 min Reperfusion);
tP<0.05 vs corresponding 15 min Rep (only for 30 min Reperfusion); 17<0.05 vs 30 min Reperfusion; ¥P<0.05 vs change in
vehicle group; ¥P<0.05 vs EMD 57833-induced change in animals without adrenoceptor blockade.

Additional blockade of NO synthesis by N*-nitro-L-arginine, resulted in an elevated
systemic vascular resistence {52+8 mmHg/min [') compared to adrenoceptor blockade alone
(331 mmHg/min ', P<0.05). However, NO was not involved in the vasodilating actions of
EMD 57033 as the decrease in systemic vascular resistance (-14+5 mmHg/min 1) was
unmitigated at 60 min of infusion of EMD 57033, Similarly, additional blockade of NO also
did not modify the responses of the other hemodynamic variables to EMD 57033 (not shown),
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Figure 2 Effect of EMD 57033 (0.2 mgrkg mir’, i.v.} on regional systolic shortening (S5} in the area perfused by the
LADCA and the area perfused by the LCXCA. Absolute values are showa at baseline (BL, n=21), during ischemia
{after 15 min LADCA ecclusion, n=21), and during stiuning (ST) in the absence (n=14) and in the presence (n=7} of
atfFadrenoceptor blockade. The effects of the infusions of vehicle (n=7) and EMD 57033 (n=7 in both groups) have
been presented as absolute changes (A, from their respective stunning values. Data are mean £ s.e. mean; *P<0.05
stunning vs baseline, TP<0.05 vs stunming, *P<0.05 vs change in vehicle group, "P<0.05 vs EMD 57033-induced
change in aiimals without adrenoceptor blockade.

Regional systolic function

Systolic shorfening After production of stunning, there was a complete loss of SS, and
the appearance of a pronounced PSS (9.0+0.5 % vs 1.5£0.3 % at baseline) in the distribution
area of the LADCA, while 88 of the normal myocardium remained unchanged (Figure 2).
Infusion of vehicle had a negligible effect on SS and PSS of both normal and stunned
myocardium. During infusion of EMD 57033, SS in the stunned myocardium increased up to
1942 %, while PSS disappeared. In the normal myocardium, SS increased from 14+2 % to
1843 % (P<0.05). Adrenoceptor blockade did not modify the responses to EMD 57033 of
regional wall motion in either stunned or normral myocardium.
End-systolic elastance Stunning produced a rightward shift of the LV end-systolic pressure-
segment length relation in the LADCA area with an 1847 % decrease in E,; (P<0.05, n=14;
Figure 3; Table 2). Infusion of vehicle had no effect on this relation, but EMD 57033 produced
a leftward shift with a progressive increase in E, to four times above its stunning values (both
P<0.05). Adrenoceptor blockade blunted the EMD 57033-induced increase in E,..
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Figare 3 LV end-systolic pressure-segment length relations in the LADCA (lefl panels) and LCXCA (vight panels}
perfusion territories af baseline, during stunning and after 30 min and 60 min of infusion of vehicle (A and B), or
EMD 57033 (0.2 mg/ikg min™, i.v.) in the absence (C and D) and in the presence (E and F) of adrenoceptor blockade.
LVP = left ventricular pressure. For statistical analysis see Table 2.

In the LCXCA area, stunning and the subsequent infusion of vehicle had no effect on the
LV end-systolic pressure-segment length relation. Infusion of EMD 57033 caused g tripling of
B, without a change in L,,,. Adrenoceptor blockade had no effect on the responses of B, and

L., to EMD 57033,

Regional diastolic finction

Onsef of relaxation Stunning did not alter the onset of relaxation as the duration of
regional LV systole in either LADCA (T, 1anca) 0F LCXCA (T, 1exea) perfused
myocardivin remained unchanged (Figure 4). The small decrease in heart rate that occurred
during infusion of the vehicle was associated with small increases in Ty rapca 800 Tos,
roxca. Conversely, the EMD 57033-induced increase in heart rate resulted in reductions of
Tystote, Lanca a4 Tgoe 1oxca, that reached levels of statistical significance in the presence of
adrenoceptor blockade.
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Table 2 Effect of EMD 57033 on Regional Lefi Ventricular End-Systolic Elastance in Anaesthetised Pigs with
Stunned Myocardium,

Baseline Reperflusion Ay, by Infusion
(n=21)  Adrencrgic 30 min 30 min 60 min
blockade
LADCA perfusion ferritory
E., mmHg mar! 4615 PG -7+4 -8+4
67x7 . EMD 100452 2394417
+ 49411 EMD 6023 126429M
Lo mim . PG 02403 -0.7+0.3
7.020.2 - 8904 pvip - 1.240.5! -1.040.5
+ 9.740.3* EMD -1.330.41 -L430.4!
LCXCA perfusion territory
E,,, mmHg mm* 7647 PG -18+7 -1419
8047 ) EMD 165491 204£28M
+ 52+6* EMD 119426% 234561
Lye 1M . PG -0.2:0.1 -0.220.2
7.440.1 - 7S pap 0.140.1 0.12022
+ 7.840.1 BMD -0.140.1 0.120.1

LADCA, lefi anterior descending cororary artery; LCXCA, left circumflex coronary artery; B,,, end-systolic elastance; L,
intercept at zero pressure of the LV end-systolic pressure-segment length relation; PG, propylene glycol (n=7); EMD, EMD 57033
(0.2 mg/kg min’, i.v,, n=7 in each group); -, in the absence of «-and B-blockade; +, in the presence of w-and P-blockade; Values
are meant s.e. mean; *P<0.05 vs Bascline (only for 30 min Reperfusion); 'P<0.05 vs 30 min Reperfusion; 1£<0,05 vs change in
vehicle group; 1P<0.05 vs EMD 57033-induced in animals witaout adrenoceptor blockade.

Maximum rate of fall of elastance and time constant of decay of elastance Stunning
resulted in a less negative dE/dt, (from —850+100 mmIHg/mm s at bascline to —280+20
nunHg/mm '} of the LADCA perfused area, but had no effect on dE/dt,;, of the LCXCA
perfused area (—890+£80 mmHg/mm s at baseline). Vehicle had no effect on dE/dt,;, in either
region but in the presence of EMD 57033, dE/dt,, became more negative by 3380+640
mmHg/mm s and 1800650 mmHg/mm s in the LADCA and LCXCA areas, respectively.
Although adrenoceptor blockade tended to blunt the effects of EMD 57033, this did not reach
levels of statistical significance (not shown).

In view of the dependency of dE/d;, on maximum elastance (E.,), we also determined
the time constants of regional myocardial elastance decay (t,, Figure 5). Stunning increased T,
in the LADCA area, but had no effect on 1, in the LCXCA area. Vehicle had no effect on 1, of
either area, while EMD 57033 decreased 1, in both arcas (P<0.05). Adrenoceptor blockade
blunted the EMD 57033-induced decrease in both stunned and normal myocardium,

End-diastolic elastance In the LADCA area stunning had no effect on E 4, but increased
Ly from 8.7+0.3 to 9.9+0.4 mm (Table 3, Figure 6). Vehicle had no effect on E,4 or Ly . In
contrast, EMD 57033, which had also no effect on E,, tended to decrease L, 4 (P=0.098).
Adrenoceptor blockade had no significant effect on the responses of E 4 to EMD 57033, but
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prevented the decrease in Ly .

In the adjacent LCXCA area, the stunning protocol and subsequent infusion of vehicle
had no effect on the LV end-diastolic pressure-segment length relation (Table 3, Figure 6).
Infusion of EMD 57033 also had no effect on By, buf caused a lefiward shift of the LV end-
diastolic pressure-segment relation. Adrenoceptor blockade did not modify the responses of Ey
to EMID 57033, but blunted the decrease in Lo
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Figire 4 The effect of EMD 57033 (0.2 mgfkg min”, iv.} on the duration of systole (T,,...) in the LADCA (top) and
the LCXCA (bottom)} perfusion territories. Absolute values are shown af baseline (BL, n=21), and during stunning
(ST} in the absence (n=14) and in the presence (n=7) of atFadrenccepior blockade. The effects of the infusions of
vehicle (1=7} and EMD 37033 (n=7 in both groups) have been presented as absolute changes (A,) from their
respective stunning values. Dota are mean + s.e. mean; *P<0.05 stunning vs baseline, 'P<0.05 vs stunning, 'P<0.05
vs change in vehicle group, \P<(.05 vs EMD 57033-induced change in animals without adrenoceptor blockade.

Mechanical efficiency of the stunned myocardium

Stunning caused a 68+5 % decrease (P<0.05) in EW,_, but only a 1226 % decrease in the
MVO, ., of the LADCA-perfused myocardinm, so that mechanical efficiency (EWy/MVO,
weay) decreased by 6616 % (Figure 7). Infusion of vehicle had no effect on mechanical
efficiency as both EW,,,, and MVO, ., remained unchanged. However, during infusion of
EMD 57033 both EW,,, and MVO, .., returned to baseline values and consequently also
mechanical efficiency was normalized. The increase in MVO, was accompanied by an
equivalent increase in myocardial blood flow, so that myocardial O, extraction (6216 % at
stunning and 62+6 % at 60 min of infusion) and coronary venous PO, (27+3 mmHg ai
stunning and 2843 mmHg at 60 min of infusion) remained unchanged. In the pigs in which
EMD 57033 was infused in the presence of adrenoceptor blockade, the responses of EW,,,
MVQO, ... mechanical efficiency and coronary venous PO, were not different from the
esponses to EMD 57033 in the absence of adrenoceptor blockade.
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Fignre 5 From top to boftem are shown the time constants of decay of regional elastance (t) during early diastole of
the LADCA (7, upcy) and LCXCA (7, yoxcd) perfusion territories. Absolute values are shown at baseline (BL, n=21}
and during stunning in the absence (n=14} and in the presence (n=7) of a+Fadrenaceptor blockade. The effects of
the infusions of vehicle (n=7) and EMD 57033 (0.2 mg/fkg min”, i, n=7 in both groups) have been presented as
ahsolute changes (d,,) from their respective sttuming values. Data are mean ® s.e. mean; *P<0.05 stunning vs
baseline, 'P<0.05 vs stnning, "P<0.05 vs change in  vehicle group, P<0.05 vs EMD 57033-induced change in
animals without adrenocepior blockade.

Plasma and tissue levels of EMD 57033

EMD 57033 couid not be detected in the pre-drug samples. During EMD 57033 infusion,
the plasma levels increased time-dependently to 3.54+0.13, 5,03+0.63, 6.53+0.74 and
7.23+0.67 ng mlIt at 15, 30, 45 and 60 min, respectively. In two of these experiments it was
shown that at the end of the 60 min infusion BMD 57033 had accumulated in the left ventricle
(26.6 and 29.5 pg per g of wet weight) and the liver (29.4 and 26.2 ug g'), while tissue levels
in the stomach (6.7 and 6.6 g g'') and skeletal muscle (13.5 and 5.3 pg g'') were in the range
of the plasma concentrations, EMD 57033 concentrations in the cerebellum (4.3 and 4.2 ug g’')
and cerebrum (4.4 and 5.3 pg g") were below plasma levels, possibly due to the blood-brain

barrier,
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Table 3 Effect of FMD 57033 on Regional Left Pentricular End-Diastolic Elastance in Anesthetized Pigs with
Sturned Myocardium.

Baseline Reperfusion A, by Infusion
(n=21) Adrenergic 30 min 30 min 60 min
blockade
LADCA perfusion ferritory
B, mmHg mm™? 10104 PG -0.4+0.5 (L7405
42414 B e EMD -0.7+1L6 -0.6+1.3
+ 4.4+0.4 EMD -0.840.5 -1.0£0.9
Ljes mum N PG 0.040.1 -01.340.2
8.740.3 - 2904 mip -0.340.4 L9414
+ 9.8+0.9* EMD -0.440.2 -0.6£0.3
LCXCA perfusion ferrilory
B, mmHg mm™? i 4.610.4% PG 0.420.4 0.5+0.5
3.740.2 EMD -0.6£1.3 £.942.1
+ 62411  EMD -1.920,8} 2.3£15
Lo 0 - PG 0.240.2 0.1+0.2
9.140.4 ; 96207 pyvp 23518 28k15
+ 10.1:0.8*  EMD -0.540.110 0.74:0.2H

LADCA, left anterfor descending coranary artery; LCXCA, lefl circwmflex coronary artery; E,, end-diastolic efastance; L,
intercept af zero pressure of the LV end-diastolic pressure-segment length relation; PG, propylene glycol (n=7); EAMD, EMD
57033 (0.2 mghkg min”, iv., n=7 in each group); -, in the absence of a-and Fblockade; +, in the presence of eand fblockade;
Values are meant s.e. mean; ¥P<0.05 vs Baseline fonly for 30 min Reperfusion); 'P<0.05 vs 30 min Reperjusion; 1P<0.05 vs
change in vehicle group; \P<0.05 vs EMD 57033-indvced change tn animals without adrenoceptar blockade,

Discussion

The major findings in this in vive porcine model of regional myocardial stunning are (7)
EMD 57033 increased systolic shortening in stunned myocardium more than in the adjacent
normal myocardium; (7)) EMD 57033 also increased end-systolic elastance in normal and
stunmed myocardium, but with similar responses in both regions; (#ii} EMD 57033 did not
delay the onset of relaxation, but improved the maximwn rate of fall of regional myocardial
elastance and decreased the time constant of early diastolic regional myocardial elastance
decay; EMD 57033 had no effect on end-diastolic elastance in either normat and stunned
myocardium; (/) EMD 57033 restored mechanicat efficiency of the stunned myocardium; (v)
the effects on regional systolic and diastolic function were only slightly modified by
pretreatment with «- and P-adrenoceptor blockade, indicating that at the dose used
phosphodiesterase III inhibition contributes only minimally to the actions of EMD 57033; (vi)
finally, the EMD-induced systemic vasodilation was not amenable to either adrenoceptor
blockade or additional inhibition of NO synthesis,
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Figure 6 LV end-diastolic pressure-segment length relations in the LADCH (left panels) and LCXCA (right panels)
perfision ferritories af baseline, during stnnning and after 30 min and 60 min of infusion of vehicle (A and B), or
EMD 57033 (0.2 mgtkg min”, iv.) in the absence (C and D} and in presence (E and F) of adrenoceptor blockade,
LYP = left venivieular pressure. For statistical analysis see Table 3.

Systolic function
EMD 57033 resulted in a time-dependent (i.e. plasma concentration-dependent)

restoration of S8 in stunned myocardium, while producing only a small increase in SS in the
remote normal region, This finding is in accordance with previous cbservations in our
laboratory with EMD 60263 in a similar model of myocardial stunning in the in vive pig
heart? These studies could be interpreted to suggest a relatively preferential effect of Ca®'-
sensitizing drugs on systolic function of stunned myocardium. However, SS is a load-sensitive
index of sysfolic function and does not necessarily reflect the contractile state of the
myocardium?2, particularly under conditions of stunning when its load-dependency is even
greater.? Indeed, EMD 57033 produced similar increments in E in stunned and normat
myocardium. This suggests that the greater increase in S8 in stunned myocardivm resulted
principally from a greater sensitivity of regions with a lower E, for positive inotropic
interventions, This is supported by the observation that the -adrenoceptor agonist dobutamine
also produces a preferential increase in systolic shortening of stunned myocardivm, whereas
E,, responses were similar in normal and stunned region.®23 Similar to the present study,
Korbmacher et a/.2 observed that EMD 60263 at an optimal dose of 3 pM produced similar

_92.



Chapter 4 Cardiovascular Profile of EMD 57033

increments in LVAP/dt,,,, in normal (from 1415 to 1885 mmHg s'') and globally stunned (from
845 to 1300 mmHg 57) isolated rabbit hearts in which afterload was held constant, Also with
EMD 57033, these authors reported similar increments in LV systolic pressure in stunned and
normal isolated rabbit hearts at constant afterload. Interestingly, we observed that the increase
in E,; in the stunned myocardivm was time-dependent whereas the E,, in normal myocardium
at 30 min of infusion of EMD 57033 had nof increased further after 60 min of infusion. In
view of the progressive increase in plasma levels over time, this observation suggests that the
maxinum effect in normal myocardium was reached at a lower dose than that in stunned
myocardium. Indeed, Korbmacher ef al.8 observed in their in vifro study that a further increase
in dose of EMD 57033 to 10 pM did not further increase LVdP/di,,, in stunned hearts, while it
slightly decreased LVdP/dt,,, in normal myocardium. These findings suggest that the normal
myocardium is more sensitive to adverse effects on systolic function than stunned myocardivm
int which the Ca®* responsiveness is lower.?

It has been proposed that in vitro EMD 57033 exerts, besides its Ca**-sensitizing effects,
phosphodiesterase inhibiting actions.'%?4  In the present study, blockade of o- and PB-
adrenoceptors did not modulate the inotropic responses to EMD 57033 in normal myocardium
in vivo. Thus, the increase in E,, produced by EMD 57033 in normal myocardium was nof
altered by adrenoceptor blockade, while the index of global LY contractility LVdP/dt,,, was
also unmitigated in the presence of adrenoceptor blockade. Hence the EMD-57033-induced
actions appeared to be primarily the result of an increase in Ca’* responsiveness which is in
accordance with previous studies in awake pigs from our laboratory.2> However, there was a
slight blunting of the increase in E,; in stunned myocardium, which is difficult to explain by a
phosphodiesterase Il inhibitory action, as it seems unlikely that a pharmacological property
such as phosphodiesterase III inhibition could differ in the stunned from normal myocardium,
Moreover, the duration of global LV systole, and T, 1anca a0d Ty, 1cxca Which were not
altered by EMD 57033 in the presence of infact adrenocepfor activity, were not increased but
were slightly shortened by EMD 57033 in the presence of adrenoceptor blockade. Taken
together the present study suggests that the EMD-57033-induced systolic actions /i vivo are
not the result of phosphodiesterase IIT inhibifion,

Stunning reduced mechanical efficiency likely due to a decrease in E_ which not only
decreases external work but also increases potential work, resulting in a relatively high
MVO0,.22 EMD 57033 restored external work while producing only a small increase in MVO,,
thereby restoring efficiency of stunned myocardium. This favourable effect is most likely the
result of positive inotropism, rather than a unique feature of EMD 57033, because we
previously observed a similar restoration of mechanical efficiency of stunned myocardium

during infusion of the B-adrenoceptor agonist dobutamine 23
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Figure 7 EWy,. MVO,,,., and ME of the LADCA perfused area. Absolute values are shown at baseline (BL, n= 21),
and during stunning in the absence (n=14} and in the presence (n=7) of & and Padrenoceptor blockade. The effects
of vehicle (7=7) and EMD 57033 (0.2 mghg min”, iv) in the absence (n=7) or presence (n=7) of adrenoceptor
blockade have been presented as absolute changes (A,,;) from their respective stunning valuwes. Data are mean + s.e.
mean; *P<0.05 stunning vs baseline, 'P<0.05 vs stunning, 1P<0.05 vs change in vehicle group, "P<0.05 vs EMD
3703 3-induced change in animals without adrenoceptor blockade.

Diastolic fimction

It has been suggested that increased Ca® responsiveness can lead .to maintained
contraction at Ca®* levels at which normally relaxation occurs.26 In rat skinned right ventricular
trabeculae these authors have shown that EMD 57033 can even cause contraction in the
absence of Ca’*. Consequently, contraction could be prolonged thereby delaying the onset of
relaxation!0:24, the rate of relaxation could be attenuated 327 and end-diastolic stiffness could
be increased?7:28 even when Ca®* concentrations are normal.
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Early diastolic function appeared to be well preserved during EMD 57033 infusion in the
present study. T, ... slightly decreased in both normal and stunned myocardium and in the left
ventricle as a whole, possibly due to the small increase in heart rate. Thus, the onset of
relaxation was not delayed by EMD 57033 either in the presence or absence of infact
adrenoceptor activity, indicating that phosphodiesterase IH inhbition did not mask the potential
contraction prolongation produced by the Ca**-sensitizing actions of EMD 57033. LVdP/dt,,;,
is often used as an index of global early LV relaxation, despite its dependency on, in particular,
LV systalic pressure.2939 In the present study, LVAP/dt_ ;. improved slightly during the first 30
min of EMD 57033 infusion but fell to 75% of the value at stunning during the following 30
min, The decrease in LVdP/dt,;, may have been due to the 20% reduction of LV systolic
pressure, and does not necessarily reflect an impairment of global LV refaxation. This is even
more s0, as in the adrenoceptor blocked animals, both LVdP/dt;, and LV systolic pressure
were not affected by EMD 57033. This strongly suggests that phosphodiesterase 111 inhibition
did not contribute significantly to the maintenance of LVdP/dt, ;. Inspection of the less load-
sensitive time constant Ty, supports this notion. Nevertheless, both indexes are global
variables and do not discriminate between the effects of EMD 57033 on normal and stunned
myocardium, which is also why regional indexes of ventricular relaxation were employed. In
both stunned and normal myocardial regions, the maximum rate of fall of regional myocardial
elastance (dE/dt ;) increased, which is not surprising in view of the marked increments in E_,.
However, even after correction for the load-dependency of dE/dt,;, i.e. by calculating the time
coistants of elastance decay 1, the data indicated no untoward effects of EMD 57033 on early
diastolic function. Importantly, even in the presence of adrenoceptor blockade, EMD 57033
did not exert detrimental actions on dE/di_;, or the relaxation time constants, suggesting that
the lack of adverse effects were not the result of masking of untoward effects of Ca®-
sensitization by concomitant phosphodiesterase IIT inhibitory effects of the compound. In the
present study we also failed to find evidence of a negative effect of EMD 57033 on late
diastolic function, as E4 was maintained during EMD 57033 infusion, even in the presence of
adrenoceptor blockade.

The importance of abnormatities in diastolic function is that these could compromise
systolic pump function via reduced LV filling and via impairment of myocardial perfusion by
reducing the effective diastolic perfusion time of the coronary bed. However, in the present
study EMD 57033, either with or without adrenoceptor blockade, restored regional systolic
shortening, external work and mechanical efficiency, while myocardial oxygen supply was
unimpeded.

Conclusions
The Ca?-sensitizing agent EMD 57033, at a dose of 0.2 mg/kg min, restored regional
systolic and diastolic function of stunned myocardiunt in the i vivo porcine heart. In normal
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myocardium, quantitatively similar improvements in systolic and diastolic function were
observed. Phosphodiesterase 111 inhibition contributed minimally to these actions. The results
of the present study suggest that Ca*-sensitizing agents are prime candidates for
complementing the current inodilator therapeutic arsenal in the clinical setting for acute stafes
of heart failure, because they are powerful enhancers of systolic performance in vive at doses
that do not appear o exert adverse effects on diastolic function,
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In vivo evidence that EMD 57033 restores myocardial responsiveness
to intracoronary Ca®" in stunned myocardium
Sandra de Zeeww, Serge AIP Trines, Rob Krams, Dirk J Duncker, Pieter D Verdouw

Background Despite ample in vitro evidence that myofitament Ca*-responsiveness of stunned
myocardium is decreased, in vivo data are inconclusive. Conversely, while Ca¥-sensitizing
agents increase myofilament Ca®*-responsiveness fn vitro, it has been questioned whether
this also occurs inr vive. We therefore tested in open-chest anesthetized pigs whether EMD
57033 (the (+) enantiomer of 5-[1-(3,4-dimethoxybenzoyl)-{,2,3,4-tetrahydro-6-quinolyl}-
6-methyl-3,6-dihydro-2H-1,3,4-thiadiazin-2-one) increases responsiveness to Ca®" of non-
stunned myocardium and restores function of stunned myocardium by normalizing the
responsiveness to Ca*,

Methods and Results Studies were performed under B-adrenoceptor blockade to minimize the
contribution of the phosphodiesterase-I1l inhibitory actions of EMD 57033, Consecutive
intracoronary Ca®* infusions were used to evaluate the contractile response (assessed by
the left ventricutar end-systolic elastance, E.,) to added Ca® of non-stunned myocardinm
and myocardimm sturmed by 15 min coronary artery occlusion and 30 min reperfusion. In
non-stunned propranolol-treated myocardium, the Ca™ infusions doubled E_, (baseline
6.940.9 mmHg mm?, n=8). Following Ca’*-washout, subsequent EMD 57033 infusion
(0.1 mg/kgmin', i.v.) tripled E,, (P<0.05) and potentiated the Ca*-induced increase in E
to 55.7410.0 mmHg mm? (P<0.05). Stuniing (n=7) decreased E,, to 5.330.6 mmilg mm™
(P>0.10) and attenuated the Ca**-induced increase in E (P<0.05). Subsequent infusion of
EMD 57033, increased E, to 6.8+1.8 mmHg mm? {P<0.05) and restored responsiveness
to added Ca™,

Conclusions These in vivo findings are consistent with the in vifro observations that
myofilament Ca**-responsiveness of stunned myocardium is reduced and that EMD 57033
increases confractility by enhancing myofilament Ca®*-responsiveness. (Eur J Pharmacol,
2000:403:99-109)
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Introduction

It has been shown in in vifre models that a reduced responsiveness of the myofilaments
to Ca®* underlies the mechanism of myocardial stunning,! but evidence that this mechanism is
also operative in wivo is lacking (see reference 2 and 25), For instance, Tto et al.? observed that
in an fn vivo canine model of regional myocardial stunning maximum systolic shortening
attainable with intracoronary Ca® infusions was not different for stunned and normal
myocardium. In addition, Heusch et al* also failed to find evidence for a decreased Ca*
responsiveness as assessed by the response of a regional work index to intracoronary Ca®" in in
vive porcine myocardium, stunned by a 90-min flow reduction that decreased the local
myocardial work index by 60%, a protocol that produced stununing without necrosis. A
complicating factor in explaining the discrepancies between the in vitre and the in vive resuits,
is that in the in wive studies contractile function was estimated using indices that display
considerable load-dependency and of which it is known that their load-dependency increases
with stunning.’ Thus, Hofmani et al.6 showed under well controlled in vifro conditions that
pCa for half maximal activation of tension was decreased, compared to baseline, in single cell-
sized preparations from porcine myocardium stunned in wivo by a 45-min period of 60%
coronary flow reduction and 30 min of reperfusion. We have shown earlier that EMD 60263, a
thiadiazinone derivative, which has been demonstrated to possess Ca’"-sensitizing properties in
vitre, ™8 is capable of restoring systolic shortening of regionally stunned myocardium in vivo.?
The beneficial effects of a number of Ca’'-sensitizing agents on systolic function of stunned
myocardiom have now been confirmed in several isolated and intact heart studies,10-12 but in
none of these studies it was actually shown that during stunning, the responsiveness to Ca*"
was altered and that subsequent administration of the Ca**-sensitizing agents restored the
responsiveness to Ca*,

Therefore, the aims of the present in vivo study were to determine whether administration
of a Ca**-sensitizing agent alters the myocardial responsiveness to added Ca?* in non-stunned
myocardium and whether this agent restores function of stunned myocardivm by normalization
of the myocardial responsiveness to Ca®. As a Ca®*-sensitizing agent we used EMD 57033
(the (+) enantiomer of 5-[1-(3,4-dimethoxybenzoyl}-1,2,3,4-tetrahydro-6-quinolyl}-6-methyl-
3,6-dihydro-2H-1,3,4-thiadiazin-2-one), because we have shown that this agent, in a dose of
0.2 mg/kg:min™', is capable of restoring systolic function of regionally stunned myocardium,
without adversely affecting diastolic function,!? a potential concern with this class of
agents.13:14 Because EMD 57033 possesses minor phosphodiesterase-111 (PDE-IIT) inhibitory
properties, 15 the effect of EMD 57033 was evaluated in the presence of the [-adrenoceptor
antagonist propranolol to minimize tonic and stimulated cAMP production, thereby keeping
the contribution of PDE-III inhibition fo the actions of EMD 57033 to a minimum. The
myocardial responsiveness to added Ca®* was determined using intracoronary infusions to
prevent that changes in systemic hemodynamics act as confounding factors. Finally, to further
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minimize the influence of changes in loading conditions, we used, in analogy to the left
ventricular end-systolic pressure (LVESP)-volumel!8 and LYESP-segment length®17 relations,
the LVESP-segment area relation to evaluate the contractile response 1o Ca™.

Methods
Experiments were performed in accordance with the “Guide for the Care and Use of

Laboratory Animals” of the Council of the American Physiological Society and under the
regulations of the Erasmus Universily Rotterdam.

Animal preparation

Fifteen with ketamine (20-30 mgkg™! i.m.) sedated cross-bred Landrace-Yorkshire pigs
(25-35 kg) were anesthetized with sodium pentobarbital (20 mgkg', i.v.), intubated and
ventilated with oxygen-enriched air,12:14 Fluid-filled catheters were inserted for intravenous
administration of sodium pentobarbital (5-10 mg/kgh™y and fluids, and for measurement of
arterial blood pressure. A micromanometer-tipped catheter (B. Braun Medical) was inserted for
monitoring left ventricular blood pressure. A balloon catheter was positioned in the inferior
caval vein to fransiently decrease left ventricular preload. After administration of pancuroninm
bromide (4 mg, i.v.), a midsternal thoracotomy was performed and an electromagnstic flow
probe (Skalar) was placed around the ascending aorta, while a Doppler flow probe (Triton
Technology) was placed proximally on the left anterior descending coronary artery (LADCA).
Distal to the flow probe, the LADCA was dissected free for placement of an atraumatic clamp
and cannulated for local infusion of Ca®. Segment area was measured using sonomicrometry
(Triton Technology) by placing ultrasonic crystals in the midmyocardial layer approximately
10 mm apart in the distribution areas of the LADCA and the left circumflex coronary artery
(LCXCA). To minimize the influence of malalignment of a single crystal pair with the fiber
direction, two pairs of crystals were implanted in each region: one pair parallel and another
pair perpendicular to the myocardial fiber direction.

Experimental protocols
Propranolol-treated pigs with non-stunned niyocardiun

To evaluate the effect of EMD 57033 on the responsiveness to intracoronary Ca®* of non-
stunned myocardium, 8 pigs received propranolol (0.5 mgkg!' + 0.5 mg/kgh’, a dose that
inhibits the isoproterenol-induced increases in heart rate and left ventricular dP/d¢ . by more
than 90% in pigs!8), after which hemodynamic variables were recorded and LVESP-segment
area relations were constructed by fransiently reducing preload.!2 Then, 3 consecutive 5-min
infusions of Ca?" (CaCl,2H,0 dissolved in saline) were administered into the LADCA at rates
of 0.25, 0.50 and 0.75 ml/min (corresponding to 18, 36 and 54 pmolmin’, respectively). At
the end of each infusion step measurements were repeated (Figure 1). Following Ca’*-washout,
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the EMD 57033 infusion (0.1 mg/kg-min™, i.v.) was started and after 30 min the Ca®" infusions
were repeated,

Pigs with stunned myocardium
To evaluate the effect of EMD 57033 on the myocardial responsiveness to infracoronary
" during stunning, seven pigs received the intracoronary Ca** infusions before (baseline)
and 30 min after a 15-min LADCA occlusion (stunning; Figure 1). Subsequently, the f3-
adrenoceptors were blocked by propranolol and after repeating the Ca®* infusions {stunning +
propranclol), the EMD 57033 infusion was started and 30 min later, the myocardial
responsiveness o infracoronary Ca®" was again determined (stunning + propranolol + EMD

57033).
Prgpranolol (0.5 mg/kg + 0.5 mgskgmin™, iv.)

EMD 57033 (0.1 mg/kgmin™, i.v.))

Non-stunned

Baseline EMD 57033
LADCA c c F
myocardin ¥ it
(n=8) Ca? Ca®

Propranolol (0.5 mg/kg + 0.5 mgkgmin, i.v.)
[
EMD 57033 (0.1 mg/kgnvin™, i.v.)

Stunning
15 mul Stunning + Propranolol
Stunned  Bseine Stunming * Propranolol + EMD 57033
LADCA occlusu}n c I3 c B
myocardium ; b fp
n=7
(n=7) Ca® Ca®'

Figure I Experimental profocols far propmuo]ai—rreated pigs with non-stunned myocardinm and pigs with vegiounally
stumed myocardivm. Stunning was produced by a [5-min left anterior descending coronary artery occlusion
(LADCA) and 30 min of reperfusion. Three consecutive Ca®* infitsions into the LADCA were administered for 5 min
each af rates of 18, 36 and 54 gonolimin, respectively. The arrows indicate the Contrel (C) measuremenis before the
start of the Co?* infusions (Tables I and 2).

Data analysis

All data were digitized and stored for off-line analysis.!? Segment length data were
normalized to an end-diastolic length of 10 mm at baseline to correct for variability in the
implantation distance between the various crystal pairs in the different animals. Regional left
ventricular end-systolic elastance (E,) was assessed using LVESP-segmient area relations
obtained from the relation between left ventricular pressure and the segment area encompassed
by the two pairs of crystals. The slope of the LVESP-segment area relations {end-systolic
elastance, E,,) and the zero pressure-area intercept (Ag) were determined via linear regression
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analysis of the LVESP-segment arca data points (Figure 2) which were obtained using an
iterative method.!® Data are mean+S.E.M. Statistical significance {P<0.05, two-tailed) of
changes was determined using one-way or two-way analysis of variance. Post-hoc festing was
performed using Dunneit’s test.

Stunning
o 16 i X 16 + Propranolol Stunning
g Basecline Stunning + EMD 57033 + Propraznolol
B
)
3] 12 12
a.
—_
o
> 8 8
L
£
<
5 s
=
@
p 2 3
Segment area Segment area

Figure 2 Example of LVESP-segment area velations during Baseline, Stunning, Stunning + Propranolol and Stunning
+ Propranclol + EMD 57033 in an individual pig in which the myocardium was stunned by a 15-min ecclusion of the
LADCA.

Results
Hemodynamics
Propranolol-treated pigs with non-stunied myocardinm

In the propranoclol-treated pigs there were no changes in any of the hemodynamic
parameters during the intracoronary Ca®" infusions {not shown), except for a dose-dependent
increase in left ventricular dP/dt_, up to 17+4% (P<0.05). The infusion of EMD 57033, which
was started afler recovery from the Ca” infusions, increased left ventricular dP/dt ., by 28:8%
and heart rate by 7+3% (both P<0.05; Table 1), The subsequent intracoronary Ca®" infusions
had again no hemodynamic effects (not shown), except for the increase in left ventricular
dP/dt,,. by 2745% (P<0.05).

Pigs with shumned myocardium

When the B-adrenoceptors were still unblocked, the intracoronary Ca® infusions only
increased left ventricular dP/dt,,, (up to 17+4%, P<0.05). Production of myocardial stunning
after recovery from the Ca®* infusions, was accompanied by decreases in mean arterial blood
pressure {94£3%), cardiac output (134£5%) and left ventricular dP/dt ., (18+5%), while heart
rate and systemic vascular resistance remained unchanged (Tabie 1). Simifar to the non-
stunned myocardium, the intracoronary Ca®* infusions increased left ventricular dP/dt.,,, dose-
dependently by up to 13+5%, while the other parameters were not affected. In the presence of
propranolol, infusion of Ca®" into the stunned myocardium again affected only left ventricufar
dP/dt,,,. (244£5%). The subsequent infusion of EMD 57033 increased heart rate (442%),
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cardiac output (2148%) and left ventricular dP/dt, . (30+10%), while left ventricular end-
diastolic pressure decreased slightly (all P<0.05). In the presence of EMD 57033 the only
effects of the intracoronary Ca® infusions on hemodynamics were an increase in left
venfricular dP/dt,,, (27+3%, P<0.05) and a simall decrease (12+2%, P<0.05) in mean arterial
pressure,

Tabte 1 Effect of EMD 57033 on control values of global hemodynamics of propranolol-ireated pigs with non-
stunned myocardinm and of pigs with stunned myocardium

Propranolol-treated pigs with non- Pigs with stunned myocardinm (n=7)
stunned myocardimm (n=8}
Baseline  EMD 57033 Bascline Stuing Stunning + Stunning +
Propranclol  Propranclol +
EMD 57033

HR {bpm1) 10147 10746 106:£6 109+5 9145 94444
MAP (mmHg)} 8614 8346 94k 85240 T0x5° 764
CO (L/min} 2,740.2 29403 33403 2.840.3° 2.6£0.3 3.140.37
SVR (mmHg/.min) 3313 3143 30+£3 3243 2843¢ 25£2
LvdPb/dt,,, (mmHg/s)  1360+80 17201007 1610480 1320£70° 1010£100° 1270290°
LVEDP (mmfg) 33408 2.140.8 44113 6.941.4° 7.3+L.5 5.0£1.5
CBF (mL/min) 2844 3243 2242 2043 2043 36+6°

HR, heart rate; MAP, mean arterial blood pressure; CO, cardiac oulput; SVR, systemic vascular resistance; LVdP/dL,.,, maximal
rate of rise in lefl ventricular pressure; LVEDP, left ventrcular end diastolic pressure; CBF, coronary blood flow. Values are
meantS.EM.2P<0.05 EMD 57033 vs Baseling, ®P<0.05 Stunning vs Baseline; “P<0.05 Stunning + Propranolol vs Stunning;
4p<(),05 Stunning + Propranalol + EMD 57033 vs Stunning + Prepranolod.

Left ventvicular end-systolic pressure-segment area refations
Propranoiol-treated pigs with non-stunned myocardium

Infusion of Ca® caused a dose-dependent counter clockwise rotation of the LVESP-
segment area relation of the myocardium perfused by the LADCA (Figure 3A), thereby almost
doubling E,, (Figure 4A), without affecting A, (27+3 and 2942 mm? during control and during
the highest Ca® infusion rate, respectively). After recovery from the Ca® infusions, the
subsequent infusion of EMD 57033 more than doubled E, (Table 2) and enhanced the Ca™-
induced increments in E,, (Figures 3A and 4A) without affecting A, (30+1 and 3141 mm’
during control and during the highest Ca® infusion rate, respectively).

The intravenous administration of EMD 57033 also caused a doubling of E, in the
myocardium perfused by the LCXCA (Table 2), However, in this segment the Ca?* infusions
into the LADCA before or during the EMD 57033 infusions altered neither E, (P= 0.28 and
P=0.09; Figure 4B) nor A, (P=0.47 and P= (.79, not shown). These results indicate that the
Ca® infusions into the LADCA did not lead to a spillover of Ca®* in the distribution area of the
LCXCA and that the ongoing infusion of EMD 57033 itself did not further increase
contractility during the Ca® infusions.
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Non-stunned LADCA myocardium in propranolol-treated pigs

120 ;

g A C Ca, Ca,Ca,
E 80 | O O & ¥ propranolol Baseline
% ©® B A ¥V  peopranolol EMD 57033
> 40 |

Stunned LADCA myocardium
;:6120‘8 C Ca,Ca,Ca
£ . 108, Cay
EE./ 801 /‘ coavy Baseline
@ @B AV Stanning
O 4o/
% 120 1 C C Ca, Ca,Ca,
£ 80 | O O A ¥V Stunning + Propranclol
% f/m /{;ﬂ ©® B A ¥ Spnning + Propranolol + EMD 57033
3 40 m : : .

30 40 50 60 70

Segment Area (mmé)

Figure 3. Effect of EMD 57033 (0.1 mgfkgomin? iv.) on the respouse to 3 Ca®* infusions into the LADCA of the
LVESP-segment ared relation in the distribution avea of the LADCA of no-stunned {panel A) and stumired (panels B
and C) in vive poreine myacardium. The 3 data points in each curve were devived from the linear LVESP-segntent
area relation by computing left ventricular end-systolic pressure at 3 segment areas within the range of actual
measurements (mininmen, maximunt and fminimum -+ maximun] /2) for each animal. C = Control; Ca,, Ca, and Ca,

refer to the 3 Ca’™ infitsion rates of I8, 36 and 54 gonol/uiin, respectively.

Pigs with stunned myocardiun
Infusion of Ca® during baseline also caused a counter clockwise rotation of the LVESP-

segment area refation (Figure 3B), thereby more than doubling E of the myocardium perfused
by the LADCA (Figure 4C) without affecting A, (not shown). Myocardial stunning lowered
B, from 6.6+1.2 to 5.3£0.6 mmHg mny? (P>0.10), and caused a rightward shift of the LVESP-
segment area relation reflected by the increase in Ay from 24%4 to 442 mun® (P<0.05; Table
2). The Ca® infusions in the stunned myocardivm caused a leftward shift of the LVESP-
segment area relation (Figure 3C) reflected by a recovery of A to 2624 mm?® (P<0.05). E,, was
not significantly affected in the tested dose range of Ca*. The response of the LVESP-segment
area refation of the stunned myocardium to the Ca® infusions was not modified by propranolol
{(Figures 3C and 4C). During the subsequent infusion of EMD 57033, E,; returmed to baseline
vatues, while A, recovered partly (Table 2). Tmportantly, the response of E,, to the Ca®
infusions was restored to control levels (Figure 4C).
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In the adjacent myocardinm perfused by the LCXCA, neither E,, nor A, responded to the
Ca®" infusions into the LADCA before or after stunning the perfusion territory of the LADCA
(Figure 4D), while E,, alimost doubled during intravenous infusion of EMD 57033 (Table 2).

Non-stunned LADCA myocardium in propranociol-treated pigs

0 4 A LADCA 1 ] B LCXCA O Propranole! Baseline
& ® propranotel EMD 57033
£
o ]
:é 40
E ISP
8 20 4 i
i
I Cr Or Q
0 i T J
[+ 118 36 54
S “1p LCXCA O Baselin
-E) § § B Stunning
:'E: 204 § 20 4% & Stunning + Propranolol
% ¥ = & * F3 & £ & A giunning + Propranolel + EMD 57033
o o B A
n = Paazmf|
W T tf 3 0 T t T
& 18 35 54 ¢ 18 36 54
Ga®* upoa (Hmolimin} Ca®" L, poa (molimin)

Figure 4 Effect of EMD 57033 (0.1 mg/kgemin i.v.} on the response 1o 3 Ca** infusions into the LADCA of E,, in the
distribution areas of the LADCA and the LCXCA of non-stunned (top panels) and stunned (bottom panels) in vivo
porcine myocarditm. C = Contral; *P<0.05 Ca® vs Control (only for Baseline); 'P<0.05 EMD 57033 vs Baseline
(only for Control) or Stunning -+ Prepranolol + EMLD 57033 vs Stunning + Propranolel {only for Contrel); 1P<0.05
Ca®*-response significamtly different from Ca®'-response during Baseline; 3P<0.05 Ca’*-response significandy
different from Ca’*-response during Stunning + Propranolol.

Discussion
In vivo assessment of myocardial responsiveness to Ca’*

In analogy to the time varying elastance concept,'6 we employed the slope E, of the
LVESP-segment area relation to obfain a load-insensitive index of regional contractile
function. A basic assumption for the determination of E is that during the preload reduction
miyocardial contractility (end-systolic stiffness of the myocardial tissue) does not change. For
this reason, the prefoad reductions can only be studied during a period lasting no longer than 6-
7 s!7 to avoid hypotension-induced reflex-mediated autonomic nervous system activity
alterations, Consequently, the range over which the LVESP-segment area can be determined is
limited. At a given level of contractility, the LVESP-segment area relation reflects that
particular contractile state independent of whether the relation is constructed via alterations in
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pre- or afterload. In other words, LVESP and end-systolic area are not independent but
interrelated and are determined by the contractile state of the myocardium, Although
alterations in diastolic function can modulate the diastolic elastance (and therefore, the left
ventricular end-diastolic pressure-segment area relation), this should not affect the position of
the LVESP-segment area relation, provided contractility is unchanged. However, we have
previously noted that alterations in diastolic function (i.e. decrease in end-diastolic segment
length) can produce transkations in the LVESP-segment length relation. Thus, airial pacing
(which produces a decrease in end-diastolic segment length) also produces a lefiward
translation of the LVESP-segment length relation with no change in E,..20 Similarly, the Ca®'-
infusions in the present study also produced a leftward translation of the LVESP-segment area
relation. These observations are difficult to explain buf may be due fo methodological
limitations of the LVESP-regional segment area relations, which do not take into account the
tocal left ventricular curvature (and hence, the radius) and wall thickness. For instance, at
smaller segment areas, the wall thickness increases and radius decreases, which causes a
decrease in regional wall stress that is larger than the decrease in left ventricular pressure,
Consequently, it is possible that stress-strain refations would not show such a leftward shift.

Table 2 Bffect of EMD 57033 on control values of B, and A, of propranolol-treated pigs with non-stunned
myocardium and of pigs with stunned myocardium.

Propranclol-treated pigs with non- Pigs with stunned myocardium (n=7)
stunned myocardium (n=8)

Baseline EMD Bascline Stonning Stunning + Stunning +
57033 Propranolol  Propranolol

+EMD

57033
E., 1apca (mmHg/mm?) 6.940.9 18.34£2.8° 6.6£1.2 5.3:0.6 5.0:0.9 6.8+1.8¢

Ay g anca {mm?) 2743 3041 2414 4442" 413 3334
B roxes (mmHg/mm?) 8112 18.043.5° 6.5+0.8 7.1%1.2 6.6:1.4 11,8420

Ay ovea (1) 3043 3242 2743 2842 3042 32+

E,,, end-systolic elastance; A,, area intercept at zero pressure of the LVESP-segment area relation. Values are meantS, E.M., *P<0.05
EMD 57033 vs Baseline; ®P<0.05 Stunning vs Baseling; *P<0.05 Stunning + Propranolel vs Stunning; *P<0.05 Stunning +
Propranelol + EMD 57033 vs Stunning + Propranolof.

Intracoronary Ca** infusions were employed to evaluate the myocardial responsiveness to
added Ca®. As pointed out by Heusch et al.,* in in vivo experiments, the intracoronary infusion
rates cannot be directly translated into myocardial intracellular Ca® concentrations. We chose
to present the response of E,, as a function of Ca® infusion rates rather than added Ca®
concentrations in the blood, Using added blood concentrations would have yielded identical
conclusions, because firstly, coronary blood flows were very simifar under control conditions
and following stunning, while in the presence of EMD 57033, blood flows were higher, These
higher blood flows would result in lower Ca®* concentrations and, hence, the effect of EMD
57033 on Ca’-responsiveness may have been slightly underestimated. Another potential
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concern is that intracoronary Ca?" infusions may recruit different amounts of cytosolic Ca?*
(Ca**-induced Ca® release) in non-stunned myocardium under control conditions and in the
presence of EMD 57033 or in stunned myocardium, However, in vifro studies have shown that
EMD 57033 increases contractite force?! without an effect on Ca®" transients, indicating that
the compound does not modulate activator Ca®, sarcoplasmic reticulum function or Ca®™-
induced Ca®" release.!52? Also, several groups of authors have shown that the capacity of the
sarcoplasmic reticulum for Ca* uptake and Ca® release is preserved in stunned
myocardium,2.23-25 and that, consequently, the Ca**-transients in stunned myocardium are not
different from those in normal trabeculae.!:2¢ Moreover, increases in the [Ca®'],, produced
identical increases in peak-systolic [Ca™];, in stunned and normal myocardial trabeculae,!
lending further support to the concept that Ca**-induced Ca®* release and sarcoplasmic
reticulum function are unperturbed in stunned myocardium. Similar to other in vivo
studies,*27.28 maximal Ca**-activated force could not be determined, because of the occurrence
of arrhythmias and contracture-like phenomena (evidenced by marked reductions in end-
diastolic segment length) and post-Ca®*-infusion loss of regional contractile function at higher
concentrations of intracoronary Ca®', which we observed in pilot experiments. In the present
study, we used slightly lower Ca® concentrations as compared to previous studies34.27,28 o
facilitate detection of the putative Ca®*-sensitizing properties of EMD 57033, Nevertheless, we
observed in the normal myocardivm that the iniracoronary Ca?"-infusions, in the dose-range
tested, elicited relative increases in left ventricular dP/dt,,, (10-20%) and segment shortening
(13%, not presented) that were similar fo the [5% increases in wall thickening,327 exiernal
work? or segment shortening?® and the 10-15% increases i left ventricular dP/dt,, 342728
found in earlier studies.

Rationale for the dose of EMD 57033

To allow evaluation of the effect of EMD 57033 on the contractile response to the three
5-min intracoronary Ca®" infitsions, a steady state of hemodynamics and contractile function is
mandatory during infusion of EMD 57033, In a previous study,!? we observed that systolic
shortening, as well as E_,, continued to increase throughout the 60 min infusion period of EMD
57033 at a rate of 0.2 mg/kg-min’'. Consequently, we selecled a lower dose (0.1 mg/kg-min™)
and observed in the initial experiments that this dose was still effective as E, in the
myocardium perfused by the LCXCA increased from 8.141.2 to 18.0+3.5 mmHg mm? after 30
min of infusion, but did not further increase during the subsequent Ca®" infusions into the
LADCA (Figure 4), while the intravenous EMD 57033 infusion was continued. The latter
observation precludes the necessity of a control group, in which Ca®* infusions are replaced by
vehicle to exclude the possibility that increases in E,, during the intracoronary Ca?* infusions
were caused by a progressive increase in contractility secondary to the continuous infusion of
EMD 57033.
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Effect of EMD 57033 on Ca**-responsiveness of non-stunned myocardium

Calcium-sensitizing agents are a heterogeneous class of drugs.29-31 Thus, several of these
agents have been shown to increase Ca*-sensitivity of the myofilaments i vitro by modifying
the interaction between Ca* and Troponin C (e.g. sulmazole, fevosimendan, pimobendan,
MCI-154 and EMD 60263), by modifying the interaction between the various components of
the thin filaments (e.g pimobendan, and MCI 154) or by altering actin-myosin crossbridge
kinetics (EMD 57033). In addition to the Ca®-sensitizing properties, most of these agents also
produce considerable PDE-HIT inhibitory activity (sulmazole, pimobendan, levosimendan and
MCI-154). The exact mechanism by which EMD 57033 increases the Ca®" sensitivity is still
debated.3? Solaro et al.33 proposed that EMD 57033 principally acts at the actin-myasin site,
where the compound reverses the inhibition of actin-myosin interactions by {roponin-
tropomyosin and may also promote transition of crossbridges from weak to strong force-
generating states. On the other hand, Pan and Johnson34 observed in an in vitre model of pure
recombinant human cardiac TnC that EMD 57033 binds to the Ca**/Mg?* sites of TnC.

In the present study, 0.1 mg/kgmin' EMD 57033 not only increased E,, but also
enhanced the myocardial response to added Ca®, Thus, while E,, doubled (from 6.9£0.9 to
13.8243.8 mmHg mni?) during the intracoronary Ca* infusions in the absence of EMD 57033,
E,, tripled (from 18.3+2.8 to 55.7£10.0 nunHg mm™) during the Ca®* infusions in the presence
of EMD 57033, despite the higher conirol value during infusion of EMD 57033,

Several lines of evidence suggest that in the present in vive study, the EMD 57033-
induced systolic actions are principally the result of Ca®'-sensitization, with a negligible
contribution of PDE-IIT inhibition. In in vitro studies, varying dosages of EMD 57033 have
been used, For instance, Grandis et al.3% found in Langendorff perfused rat hearts that a dose of
only 2 uM could already increase contractility without a significant change in MVO,.
Furthermore, Korbmacher et al.!® used 30 uM EMD 57033 in isolated rabbit hearts and
showed that at that concentration, EMD 57033 exeits its effect by both Ca*'-sensitizing and
PDE-III inhibitory properties. On the other hand, White ¢t al.,!3 who used EMD 57033 in a
dose range of 0.1-20 M in isolated ferret cardiac muscle, reported that EMD 57033 acts
predominantly by increasing myofilament Ca’ sensitivity. Taken together, these in vitro
studies suggest that PDE-III inhibition occurs principally at concentrations of EMD 57033 in
excess of 20 pM. In our previous study 12 with EMD 57033 (0.2 mg/kg-min'), plasma levels
increased time-dependently to 8, 12, 15 and 17 pM at 15, 30, 45 and 60 min infusion,
respectively, which is below the in vitre PDE-IIT inhibiting threshold concentration of 20 pM.
Since in the present study we infused 0.1 mgrkgmin, this dose would therefore also not be
expected to produce PDE-III inhibition, This is supported by the finding that the increases in
hoth E,, and left ventricular dP/dt,,, produced by 0.2 mgkgmin' EMD 57033 (maximal
plasma levels 17 pM) in normal myocardium were not altered by propranolol, suggesting
minimal confribution of PDE-IIT inhibition fo the positive inotropic actions of EMD 57033. In
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conirast, we have previously shown that the same dose of propranclol virtually abolished the
inotropic actions of the phosphodiesterase inhibitor / Ca*-sensitizer pimobendan.36 Moreover,
the duration of both global and regional left ventricular systole were not altered by EMD
57033 in the study by De Zeeuw et al.,!2 independent of the presence propranolol, indicating
that a positive lusitropic effect of PDE-IH inhibition was also unlikely, Taken together, the in
vivo observation of an enhancement by EMD 57033 of the Ca**-induced increase in E, is
highly consistent with the in vitro observation that EMD 57033 increases myocardial
contractile force via an increase in myofilament Ca™ responsiveness.

Effect of EMD 57033 on Ca®*-responsiveness of stunned myocardium

Myocardial stunning was characterized by a trend towards a decrease in E, and a marked
rightward shift of the LVESP-segment area relation, At fust glance, this appears to be a
surprising finding as most studies (including some from our own laboratory} have reported
both a decrease in E_ and a rightward shifi, although some studies have also reported a
rightward shift as the most prominent feature of stunning.3%'% The reason for the differences is
unclear, but may be related to the range of pressures over which the LVESP-segment area
relation was constructed. It is well known that the LVESP-segment lengih relation may be
curvilinear and that the curvilinearity increases at higher end-systolic pressures that are
obtained when increases in afterload are used,3? For this reason, we used preload reductions to
yield a pressure range of 40 mmHg over which good linearity was observed. A rightward shift
of the LVESP-segment area relation is compatible with a decrease of elastic-restoring forces,
probably induced by alterations in structural non-contractile elements, such as the extracellular
collagen matrix and/or the cytoskeleton. However, as outlined under section *In vivo
assessment of myocardial responsiveness to Ca’* ", the use of LVESP-segment area relations,
rather than of left ventricular end-systolic stress-strain relations, may also have contributed to
the marked rightward shift.

It is now generally accepted that the mechanism underlying myocardial stunning does not
involve a decreased Ca® availability,122324 but a decreased responsiveness of the
myofilaments to Ca®.1? However, experimental support for this hypothesis is derived from
studies in isolated muscle preparations, whereas evidence obtained in in vivo experiments is
lacking, Thus, several groups of investigators have shown that in stunned myocardium, the
response of systolic wall thickening?, segment shortening,?” or external work? to intracoronary
Ca® infusions is not impaired, In two of these studies, Ca®* infusions were used that produced
maximal levels of systolic shortening?? and external work? during control conditions, but
whether these concentrations also resulted in maximum responses in stunned myocardium was
not determined. Only Ito et al.3 used Ca®" doses that resulted in maximum responses of systolic
shortening in both normal and stunned myocardium, and demonstrated an unperfurbed
maximum wall thickening in response to Ca® following stunning. Consistent with previous
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studies, we observed a similar Ca*-induced increase in area reduction in normal and stunned
myocardium, In contrast, however, in the dose-range tested, the Ca**-induced increases in E,,
were depressed following stunning, These findings can be explained by a rightward shift of the
[Ca™]-contractile force relations, ie. a decrease in Ca’* sensitivity. A decrease in Ca®
sensitivity is supported by the study of Hofinann et al.% who showed a rightward shift of the
[Ca®']-force relation with a maintained maximum Ca?'-activated force. In addition, a decrease
in maximum Ca®-activated force may also have contributed to the decreased Ca®™
responsiveness.t

An interesting observation in the present study was that the increase in E,, produced by
EMD 57033 in stunned myocardium was fess than in non-stunned myocardium, In our
previous study, we also observed that ai lower concentrations (12 uM), the effect of EMD
57033 on E_ was more pronounced in non-stunned than in stunned myocardivm,!? while at
higher concentrations {17 pM) the E,, of non-stunned and stunned myocardium were no longer
different. However, interpretation of these observations is difficult, because stunned
myocardium perfused by the LADCA was compared to non-stunned myocardium perfused by
the LCXCA, and hence, regional differences in contractile responses cannot be excluded, In
the present study, we directly compared stunited myocardium fo non-snunned myocardium of
the same distribution area, which points, indeed, towards a reduced sensitivity of stunned
myocardium to the actions of EMD 57033. This is also supported by observations by
Korbmacher et al.40 who found that non-stunned isolated rabbit hearts were also more sensitive
to the Ca-sensitizing effects of EMD 66263 than stunned hearts,

Both the response of E, to EMD 57033 as well as the response of E to the Ca®
infusions in the presence of EMD 57033, were less in stunned than in non-stunned LADCA
perfused myocardium. However, infusion of 0.1 mg/kgmin' of EMD 57033 not only
increased E of stunned myocardium (from 5.0+0.9 vs 6.920,9 mmHg mm?), but atso restored
its response to the Ca?* infusions to baseline levels. These findings are consistent with a
decreased myofilament Ca® responsiveness of stunned myocardium, and a restoration of
myofilament Ca®* responsiveness by EMD 57033, It is very well possible that the use of
higher dose of EMD 57033 in stunned myocardium that would have resulted in an increase in
E,, comparable to the level of E,, produced by 0.1 mg/kgnmin® in non-stunned myocardivm
(i.e. 18.342.8 mmilg mm™) would also result in comparable responses to intracoronary Ca*",

Conclusions

EMD 57033 enhanced the myocardial responsiveness to intracoronary added Ca®* in non-
stunmed and stanned myocardium which supports the concept, based on in vitro observations,
that EMD 57033 increases myocardial contractility via an increase in myofilament Ca®'-
responsiveness, and that myofilament Ca*--responsiveness of stunned myocardium is
decreased, but can be restored by EMD 57033,
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New insights into cardioprotection
by tschemic preconditioning and other forms of stress
Sandra de Zeeuw, Mirella A van den Doel, Dirk J Duncker, Pieter D Verdouw

Ischemic preconditioning has not only received wide attention in heart research, but has also
been a topic of extensive studies involving other organs. In several of these studies, it has been
shown that in spite of differences in the endpoints used to assess protection, the same
mediators as in myocardial ischemic preconditioning may be involved. However, several of
the putative mediators do not require ischemia to become activated. This has guided us and
others to investigate whether the myocardium can also be protected by brief ischemia in other
organs and whether other non-pharmacological forms of stress, which do not produce ischemia
but are capable of activating these pofential mediators, are also cardioprotective. (Ann NV
Acad Sci, 1998;874:178-191)
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Introduction

In the past, numerous attempts involving pharmacological agents have been undertaken
to limit myocardial infarct size after a coronary artery occlusion. Although several compounds
showed initially some promise, in the long run the results have been rather disappointing. In
1985, Murry amd colleagues! revived interest in cardioprotection when they showed that after
four days of reperfusion, myocardial infarcts in dogs produced by a 45-min coronary artery
occlusion were 75% smaller (29% versus 7%) when this 45-min coronary occlusion was
preceded by four sequences of a S-min coronary artery occlusion and a 5-min reperfusion. This
phenomenon of protecting myocardium against irveversible damage during a period of
sustained ischemia by preceding periods of brief ischemia has been termed ischemic’
preconditioning. The smaller infarct size observed afler such an extended period of reperfusion
was most encouraging as in most of the earlier studies the infarct size limitation proved only to
be a delay in the development of infarct size and uitimate infarct size was not affected.
Subsequent studies not onty confirmed the occurrence of ischemic preconditioning in a large
number of animal species, but also revealed that the time course of protection exhibited (at
least in some species) a biphasic pattern.2-? Thus, while in all animal species studied, ischemic
preconditioning triggered an early phase of cardioprotection lasting up to two hours, it could
be shown that in some species there was a second window of protection 24 hours iater that
usually lasted a few days. This second window of protection against infarct size has remained
controversial, however, as several groups of investigators failed to show its existence.hs
Reasons may be numerous and could include such factors as the intensity and the duration of
the preconditioning stinlus, the duration of the infarct-producing coronary artery occlusion,
the fime interval between the preconditioning stimulus and the sustained coronary artery
occlusion, the area at risk, the surgical preparation and the anesthefic regimen employed.
When demonstrated, the protection during the second window usually proved to be
considerably less than during the early phase and this smalier magnitude of protection could
have contributed to the failure to observe a significant infarct size limitation in some of the
negative studies. Furthenmore, in a recent study Miki and colleagues6 subjected instrumented
conscious rabbits to a 30-min coronary artery occlusion and determined infarct size by either
triphenyltetrazotium chioride (TTC) staining after 3 h of reperfusion or by histology after 72 h
of reperfusion, Using TTC staining, they found that four cycles of 5-min coronary artery
occlusion and 10-min reperfusion preceding the 30-min coronary artery occlusion by 24 h
resulted in smaller infarct sizes (33% of the risk zone compared fo 45% in control animals),
whereas the infarct sizes of the preconditioned animals and the control animals were almost
identical (57% versus 59%) when they were determined with histology. The authors
hypothesized that incrcased levels of myocardial superoxide dismutase, which have been
implicated in the mechanism of the second window of protection {not in the early protection),
may cause necrotic tissue to be seen as viable tisspe when TTC staining is performed. They
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therefore conclude that the existence of a second window of protection might be based on the '
failure of TTC staining to measure total infarct size.

Despite numerous efforts, the mechanisms underlying the protection by both early
{classical) and delayed (second window) ischemic preconditioning are still incompletely
understood. Nevertheless a large number of potential mediators, such as adenosine receptors,
norepinephrine, activation of (isoenzymes of) protein kinase C, which all uitimately lead to
activation of ATP-sensitive potassium channels, have been suggested to be involved in both
phases of protection.’13

Ischemic preconditioning has not only received wide attention in heart research, but has

"also been a topic of extensive studies involving other organs such as brainl4-16, kidney1718,
skeletal muscle!® and liver.20 In several of these studies, it has been shown that despite
differences in the endpoint used to assess protection the same mediators as in myoccardial
ischemic preconditioning may be involved. However, several of the putative mediators do not
require ischemia to become activated. This has guided us and others to investigate whether the
myocardium can also be protected by brief ischemia in other organs and whether other (not
pharmacological) forms of stress that do not produce ischemia, but are capable of activating
these potential mediators are also cardioprotective,

Cardioprotection by Non-Ischemic Stress

The first to describe that regional myocardivm can become preconditioned without prior
focal ischemia were Przyklenk and colleagues?! when they determined infarct size in
anesthetized dogs subjected to a 60-min occlusion of the left anterior descending coronary
artery (LAD). They observed that when the LAD-occlusion was preceded by four episodes of
5-min left circumflex coronary artery (LCX) occlusion and 5 min of reperfusion, infarct sizes
were limited to the same extent as after local ischemic preconditioning, An explanation for this
finding was not given but the authors suggested that this could involve factors that were
produced or activated during ischemia and/or reperfusion and transported throughout the heart,
If true, this could also imply that ischemia in other organs might produce or activate the same
factors which could then be transported to the heart, and thereby protect the myocardium,
Conversely, it is also feasible that myocardial ischemia could precondition other organs, an
option that to our knowledge, has not yet been investigated. In a subsequent study of the same
group,22 it was shown that in the same canine model stretch produced by left atrial infusion of
saline also limited infarct size in dogs subjected to a 60-min coronary artery occlusion.
Volume loading was chosen such that it caused a 10-15% increase in end-diastolic segment
length, which is similar to that observed in the study by Przykienk and colleagues?! in which
the LAD distribution area was preconditioned by brief periods of left circumflex coronary
artery occlusion, Because stretch activates ion channels located in the sarcolemma,?? which
appear to be selective for cations but are rather non-selective for K', Na' or Ca®', and because
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these channels can be blocked by gadolinium,2* Ovize and colleagues?? investigated whether
this compound affected the protection by stretch. They proved that pretreatment with
gadolinium blocked the protection by stretch and attenuated the protection by ischemic
preconditioning. Unfortunately, the investigators did not study the effect of gadolinium on the
protection of the remote myocardium observed in the siudy of Przyklenk and colleagues?! as
this might have led to an insight into the mechanism by which ischemia in the left circumfiex
coronary artery-perfused myocardium protected the adjacent virgin myocardium of the LAD
distribution territory, Tn a follow up study, Gysembergh and colleagues? not only showed that
volume loading was also as effective as ischemic preconditioning in protecting myocardium in
anesthetized rabbits, but more importantly, showed that pretreatment with glibenclamide also
abolished the protection by siretch, thereby suggesting that stretch ultimately protects the
myocardium through activation of K*4rp channels. Although these studies suggest a cormon
mechanism for the protection by stretch and by carly ischemic preconditioning, there have
been no studies investigating whether there is also a second window of protection by stretch. It
is equally unknown if the time course of the protection of the remote myocardium in the study
by Przyklenk and colleagues shows a biphasic patteri.2!

Adenosine has been repeatedly found to play a major role in the mechanism underlying
ischemic preconditioning, There are, however, several maneuvers that do not produce
ischemia, but cause adenosine levels to increase. Thus Saito and colleagues? observed
increased myocardial adenosine concenirations during exercise, while Watkinson and
colicagues?’ found that adenosine concentrations in the pericardial fluid increased, with
increasing workloads during treadmill exercise in dogs and finally Hall and colleagues?® have
reported that in pigs an increase in workload in the absence of ischemia was accompanied by
an increase in interstitial adenosine concentrations. Nevertheless, Marber and colleagues??
failed to show a protective effect of a single 5-min period of rapid atrial pacing against
myocardial infarction in the rabbit heart. On the other hand, transient rapid ventricular pacing
has been reported to protect against the occurrence of ventricular arthythmias (a still
coniroversial endpoint in ischemic preconditioning studies) during a subsequent coronary
artery occlusion. However, the authors concluded that based on the ST-segment changes
occurring during the pacing period, the pacing-induced protection was secondary fo
ischemia3® We have reported that in anesthetized pigs, infarct size after a 60-min coronary
artery occlusion was less when the occlusion was preceded by 30-min ventricular pacing at a
rate of 200 beats /min.3! Assessment of ventricular performance during and after pacing by a
number of metabolic, perfusion and functional parameters such as myocardiat ATP and
phosphocreatine fevels, energy charge, and regional wall function data, revealed that pacing at
this rate did not lead to ischemia, In that study, as with ischemic preconditioning, protection by
veniricular pacing was abolished after pretreatment with the non-selective ATP-sensitive
potassium chainel blocker glibenclamide. Surprisingly, however, administration of
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glibenclamide during the intermiitent period of normal sinus rhythm between the period of
ventricular pacing and the 60-min coronary artery occlusion did not abolish the protection by
ventricular pacing, In a more recent study, Domenech and colleagues®? reported on a series of
similar experiments performed in anesthetized dogs. In that study arterial blood pressure was
controfled at 80-90 mmHg to avoid effects of changes in hemodynamics during the five
sequences of ventricular tachycardia at 213x12 cycles/min and the subsequent infarct-
producing coronary artery occlusion. Based on the coronary flow reserve during the pacing
period, it was also exciuded that the period of tachycardia caused myocardial ischemia.
Ventricular pacing again protected the myocardium, but this protection was abolished by
treatment with the non-selective adenosine blocker 8-phenyltheophylline (8PT), independent
of whether its administration occurred before or after the periods of tachycardia, suggesting a
mechanism that is similar to ischemic preconditioning. Using microdialysis, the authors also
showed that the tachycardia stimulus indeed increased interstitial adenosine concentrations
twofold, and that in the preconditioned animals concentrations continued to rise during the
first 40 min of ischemia, but started to decline during the last 20 min of ischemia and returned
to baseline during the first hour of reperfusion. Because dialysis data were not obtained in the
other series of experiments, it js unknown how treatment with 8PT, either before or after the
intermittent pacing periods, affected the interstitial adenosine concentrations during and after
the coronary artery occlusion. It is also of interest that Domenech and colleagues®? did not
find any changes in cytosolic or particulate protein kinase C (PKC) activity of translocation of
the ¢, B, & and &-protein kinase C isoenzymes, suggesting that (isoenzyme) protein kinase C
activity or translocation does not play a rofe in the tachycardia-induced protection. These data
on activity and translocation of isoenzymes of PKC are in agreement with unpublished studies
from our laboratory, in which we also could not show any changes in the activity or
translocation of the a- and s-isoenzymes.

Although, both studies?l32 suggest that similar mechanisms appear to be underiie the
cardioprotection by veniricular tachycardia and ischemic preconditioning, the degree of
protection by ventricular tachycardia was in both studies found to be less than with ischemic
preconditioning. If only activation of adenosine receptors is involved in the mechanism
underlying the protection by ischemic preconditioning these observations are difficult to
explain as the increase in the interstitial adenosine concentrations during ventricular
tachycardia observed in the study by Domenech and colleagues3? should be sufficient to
maximally activate adenosine A; receptors.®

Another difference in the protection by veniricular pacing and ischemic preconditioning
relates to the time course of protection, as the protection by ventricular pacing appears to be
more ephemeral than the first window of protection by ischemic preconditioning. Furthermore,
while & second window of protection against the occurrence of ventricular arrhythmias has
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been demonstrated after ventricular pacing,*** no study has so far addressed whether
ventricular pacing also produces a second window of protection against infarction,

The conclusions regarding the magnitude of protection and the mechanisms by which
ventricular pacing and ischemic preconditioning protect the myocardium in both in vivo
studies??2 have been challenged by Hearse and colleagues™ employing isolated blood-
perfused paced rat hearts, In this model ischemic preconditioning and rapid pacing produced,
in contrast with the in vivo studies, a similar improvement of postischemic function at 40 min
of reperfusion after 35-min ischemia as assessed by left ventricular developed pressure. The
duration of the ischemic period and the time point of the postischemic measurements raise the
question whether the resulis may have been the consequence of a mixture of stonning and
irreversible damage. Hearse and colleagues3® concluded that the mechanisms of protection are
different because rapid pacing did not, but ischemic preconditioning did, decrease tissue levels
of high energy phosphates. This conclusion is premature, however, in view of the involvement
of K's1p channels in protection by ischemic preconditioning and pacing in our studies.31.37

Mpyocardial infarct size limitation by ischemic stress in other organs

The first to report that brief ischemia in organs other than the heart itself could protect
the heart during a cdronary artery occlusion were McClanahan and colleagues,38 who showed
that a brief renal artery occlusion followed by reperfusion preceding a 45-min coronary artery
occlusion limited myocardial infarct size in rabbits. These preliminary data led us to
investigate in defail whether a 15-min occlusion of either renal artery or the mesenteric artery
applied 10 minutes before a 60-min coronary artery occlusion also limited myocardial infarct
size in anesthetized rats.3%40 Since body temperature may influence infarct size and
interventions may be protective only in combination with hypothermia, we studied animals
under normothermic (36.5°C-37.5°C) and mild hypothermic (30°C-31°C) conditions. Table 1
shows that a 15-min mesenteric artery occlusion 10 min before the 60-min coronary artery
occlusion limited myocardial infarct size in both temperature ranges, while brief renal
ischemia was only effective in the hypothermic range, Prefreatment with the ganglion blocker
hexamethonium abolished the protection by the transient mesenteric artery occlusion, but the
protection by classical ischemic preconditioning was not affected. When the 60-min coronary
artery occlusion was repeated in the presence of a permaneni mesenteric artery occlusion,
infarct size was not different from the control group, strongly suggesting that a mediator
released upon reperfusion of the mesenteric artery may be involved. The reason we failed to
observe protection by the renal artery occlusion at normothermia is unclear, Other groups of
investigators have also found positive results with brief renal ischemia in rabbits, and suggest
the involvement of adenosine in the protection.4!42 Preliminary data by Pell and colleagues®?
obtained in rabbits preconditioned with a 10-min renal artery occlusion and [0-min
reperfusion before a 30-min coronary ariery occlusion suggest that brief renal ischemia and
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preconditioning by local myecardial ischemia protect the myocardivin by similar mechanisms
as pretreatment with both the non-selective adenosine blocker 8-(z-sulphophenyl) theophylfine
and the ATP-sensitive K channel blocker 5-hydroxydecanoate abolished the protection by
either mode of protection,

Table 1 Effect of remote organ ischemia on infaret size produced by 60-min coronary artery ocglusion in rats

AR (% LVyu) TA/AR (%)
36.5-37.5°C 30-31°C 36,5-37.5 °C 30-31 °C

Protocol [
{Ganglion intact)
Shem+60-min CAQ 3i44 3644 6842 6713

(N=11) (N=11)
15-min CAQ + 10 min Rep 4744 405 50+3° 2243
+ 60 min CAQ {(N=9) (N=8)
15-min MAQ + 10 min Rep 4244 4143 50437 44£5”
+ 60 min CAC (N=L0) (N=ED)
15-min RAQ + 10 min Rep 3548 3742 7245 466>
+ 60 min CAO (N=8) (N=9)
Protocel 11
{After ganglion blockade)
Shem+60-min CAQ 3745 3543 6843 6743

(N=7) (N=7)
15-min CAQ + 10 min Rep 4543 3512 5443° 18+4%
+ 60 min CAQ (N=T) (N=7)
15-min MAO + 10 min Rep 403 3743 T4+2 69+3
+ 60 min CAQ (N=T} (N="1
Protocol I1I
Permanent MAO + 3644 3442 T3 6343
60-min CAO {N=6) (N=8)

Sham, control group undergoing 60-min CAO without stimufus; CAQ, coronary artery occlusion; MAO, mesenteric adery
occlusion; RAO, renal artery occlusion; Rep, reperfusion. Permanent MAOQ started 25 min before the enset of 60-min CAO and was
nuintained untit the end of the 3-h reperfusion period. Data are mean+SEM. a p<0.05 versus control. b p<0.05 versus

corresponding 36.5-37.5 °C group. (After Gho &t al‘oj

Since ischemia produced by a partial coronary artery occlusion can also precondition the
myocardium,33-%6 Birnbaum and colleagues?’? investigated whether a 55-65% reduction in
femoral artery blood flow for 30 min and a 30-min stimulation of the gastrocnenivs muscle (at
a rate of one pulse per second for 20 msec with a stimulus of 9V) could also limit infarct size
produced by a 30-min coronary artery occlusion. The resuits revealed that if performed alone,
neither of these two interventions limited myocardial infarct size when compared to the infarct
size of a group of control animals (26 + 3%). However, when both maneuvers were combined,
infarct size was limited to 9 & 2%. At variance with abrupt brief renal and mesenteric artery
occlusion and reperfusion, the combination of flow restriction in the femoral artery and
stimulation of the gastrocnemius nuscle may have a clinical analog in patients with peripheral
vascular discase, This investigation therefore emphasizes the need for further studies exploring
the possibilities of how the myocardinm can be preconditioned by transient ischemia outside
the heart,
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In this respect the influence of cerebral ischemia on the heart may be of special interest.
This topic has already been the subject of many studies because donor hearts for
transplantation are often obtained from patients with brain death, In several of these studies it
has been noted that brain death leads to severe impairment in myocardial contractility and even
to irreversible myocardial damage. 4849 In the experimental animal, cell damage is usually
produced by increasing intracranial pressure (ICP). Shivalkar and colleaguess® have shown
that rapid, rather than gradual, increases in ICP (producing a 1,000-fold and a 200-fold
increase in epinephrine levels, respectively) cause irreversible myocardial damage, In recent
studies, the same group of investigators has shown that sympathetic withdrawal rather than
myocardial damage, if present at all, is responsible for the changes in hemodynamic profile
after brain death in rats.51,52 In contrast to the influence of prolonged cerebral ischemia on
myocardial function and structure, the effect of brief cerebral ischemia on the former has not
been studied. It is of interest, however, that the brain can be preconditioned by brief cerebral
ischemia, but in contrast to the heart, the protection is observed only 2-5 days after the
preconditioning stimulus, a time interval that resembles that of the second window of
protection in myocardial ischemic preconditioning, 16

Hypothermia

The effect of body temperature on the development of infarction after a coronary artery
occlusion has been the topic of several investigations in recent years. For instance, Chien and
colleagues®? reported a steep relation between body core temperature in the range of 35°C -
42°C and infarct size after a 30 min-coronary artery occlusion for rabbits, Thus a decrease in
temperature of 1°C resulted in 12% less infarction of the area at risk, with no infarction
occurring at a body core temperatore of 34,5°C. An even more temperature sensitive relation
was found by Duncker and colleagues™ when they subjected anesthetized pigs to a 45-min
coronary artery occlusion. Similarly, Schwartz and colleagues™® also observed that in dog
hearts the infarct size after a 60-min coronary artery occlusion was modulated by epicardial
temperature. Because we did not observe a difference in infarct size when we subjected
anesthetized rats fo a 60-min coronary artery occlusion at body temperature of 31°C and 37°C,
we determined in anesthetized rats infarct size after coronary artery occlusions of different
duration.5¢ Figure 1 shows that in rats infarct sizes arc smaller at lower body temperatures,
provided that the coronary artery is occluded for less than 60 minutes, For coronary artery
occlusions exceeding 60 minutes, infarct size development was complete at both body
temperatures and no beneficial effect of hypothermia was noticeable. In all the aforementioned
studies the total body was cooled and cooling was started before the coronary artery occlusion.
In order to assess whether regional myocardial hypothermia also affected infarct size and the
importance of the timing of the onset of regional cooling, Hale and colleagues’?38 studied
infarct sizes in rabbits in which the entire anterior portion of the heart was cooled using a bag
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containing ice and water. This procedure permitted a local temperature reduction of
approximately 6°C within 5 minutes. These studies showed that regional coocling can be
protective even when started 10 min after the onset of ischemvia and that changes in
hemodynamic parameters are not responsible for the protection, As in man infarct size
development is slower than in rabbits, it could very well be that the delay in the onset of
cooling with respect to the onset of the development of infarction may be longer than 10
minutes. This approach of regional cooling may therefore have therapeutic value if the
procedure can be done safely and without surgical infervention in patients developing an

infarction.

IAJAR (%)

0 : : : :
0 30 60 90 120

CAO duration (min)

Fignre 1 Effect of mild hypothermia and ischemic preconditioning alone and in combination on infarct size (expressed
as percenfage of area al risk, [4/AR) praduced by coronary artery acclusions of different duration. Notice that the
slopes of the relation between infarct size (IA/AR) and the duration of the coronary arfery occlusion (CAQ) is less
steep and linear (over the CAO range tested) in the preconditioned animals and that combined hypothermia and
fschemic preconditioning were also profective for CAO’s of 120 min. O=normothermia (36.5-37.5°C);
@ =fiypotherniia (30-31°C); O=preconditioning at normothermia; @=preconditioning at hypotherntia; Id=infarcted
area; AR=area at risk. Data are mean + SEM. *p<0.05 vs O at corvesponding CAQ duration. =p<0.05 vs O ot
corresponding CAQ duration. (Reproduced with permission of Cardiovascular Researcl.)

To investigate whether the protection by ischemic preconditioning also depends on the
body temperature, we determined infarct sizes after 3 hours of reperfusion following coronary
artery occlusions varying from 15 min to 120 min which were preceded by an ischemic
preconditioning stimulus consisting of a {5-min coronary artery occlusion and 10-min
reperfusion.®® Figure 1 shows that ischemic preconditioning had a protective effect at both
temperatures. Furthermore, the steep parts of the sigmoid curves describing the relation
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between infarct size and coronary artery occlusion are less steep for the preconditioned
animais {at 37°C) than for the hypothermic animals, suggesting a different mechanism of
action for ischemic preconditioning and lowering of temperature, Figure 1 also shows that the
hypothermic animals still benefit from ischemic preconditioning and that the duration of the
coronary artery occlusion at which there is still infarct limitation can be expanded to 120
mimtes when hypothermia and ischemic preconditioning are combined,

Hypothermia and ischemic preconditioning have also been combined in an isolated
perfused rat heart model by Lu and colleagues.>® After preconditioning with a single 5-min
period of ischemia and 10-min reperfusion, hearts were arrcsted by a 4°C St Thomas Hospital
cardioplegic solution for 3 hours and then reperfused by a 37°C Krebs-Henseleit buffer
solution for 45 min. The authors observed that creatine kinase activity in the effluent was
higher when preconditioning was performed at 31°C than at 37°C and therefore conchuded that
hypothermia during preconditioning attenuated the myocardial protection of preconditioning.
However control groups for cither the hypothermic and normothermic preconditioning
experiments were lacking in this study. Furthermore, the reperfusion period lasted only 45 min
and it can therefore not be excluded that the lesser recovery in the hypothermic group reflected
only a delay of recovery. Nevertheless, the data by Lu and colleagues® are of interest as they
point toward a potential temperature-dependent effect of the ischemic preconditioning
stimulus. Such an effect is also supported by the observations of Dote and colleaguess? who
reported that an ischemic preconditioning stimulus at 25°C was less effective than an ischemic
preconditioning stimulus at 38°C in protecting against infarction produced by a 45-min
coronary artery occlusion at 38°C. These findings suggest that in our study’¢ an ischemic
preconditioning stimulus at 37°C could have protected the myocardium more during the 60-
min coronary artery occlusion at 31°C than the preconditioning stimulus at 31°C.

Can pathological hearts be preconditioned?

In all ischemic preconditioning studies, buf also in all studies employing stinuli which
do not lead to ischemia, infarct-size limitation had been investigated in animals with normal
healthy hearts, until Speechly-Dick and colleaguesSt reported that ischemic preconditioning
also occurred in hypertrophied rabbit hearts.

It is also of interest that Ferdinandy and colleagues®? have shown that the protection by
vengricular pacing could not be demonstrated in rats that had been fed a high cholesterol diet
for 24 weeks. One should also keep in mind that the authors evaluated their preconditioning
protocol with rapid ventricular pacing in a setting of a 10-min coronary artery occlusion in an
isolated rat heart preparation and that evaluation was therefore based on recovery of
performance rather than infarct size. A major reason for the failure to observe a protective
effect in the hypercholesterolemic animals may be that an improved recovery of the evaluated
parameters involves myocardial production of nitric oxide.52 Because that same group of
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investigators alse showed that ischemic preconditioning was lost in rabbits fed a high
cholesterol diet,83 such data strongly suggest that the capability of the myocardium to adapt to
several forms of stress may be impaired under pathological conditions.

In contrast to the negative studies,82-% Tliodromitis and colieagues® have recently shown
that ischemic preconditioning with one cycle of 5-min ischemia and 10-min reperfusion was
equally effective in normocholesterolemic as in hypercholesterolemic (0.2% cholesterol rich
diet for 8 weeks caused cholesterol increase from 58 & 9 mg% to 1,402 + 125 mg%) rabbits in
limiting infarct size produced by 30-min ischemia. Similarly, Cokkinos and colleagues66
reported that in isolated hearts obtained from hyperthyroid rats (L-thyroxine administration for
2 weeks causing an increase in lefi ventricular mass of 15%) recovery of left ventricular
developed pressure was similar (38%) in control and hyperthyroid hearts after 20-min
ischemia and 45-min reperfusion. After preconditioning with two periods of no flow ischemia,
recovery of function improved in both animals to the same extent (59% and 69%,
respectively), The currently available data must, however, be interpreted with caution as it can
not yet be excluded that in the negative studies only the time course of protection may be
shifted or that more intense stress or siress of a longer duration is still capable of eliciting a
cardioprotective response. It is, however, equally possible that under certain pathological
conditions more severe stress or stress of the longer duration preceding a sustained coronary
artery occlusion may prove to be deleterious rather than protective.

Conclusions
The evidence that myocardium can be protected against the development of irreversible

damage is increasing. Local ischemic myocardial preconditioning is the most potent
endogenous stimulus, but transienf ischemia in remote organs is and non-pharmacological
stimuli that do not lead to ischemia have also been proven to be cardioprotective. A major
question remains whether cardioprotection can still be shown in models that mimic more
closely the pathological conditions in man. Major efforts should therefore be directed to the
study of ischemic and non-ischemic preconditioning in more pathological models. In earlier
studies we have shown that partial coronary artery occlusions are capable of preconditioning
normal myocardium without an intermittent reperfusion period between the partial and
complete occlusion, 4346 analogous to the two-stage Harris model.67 In these studies we used
compiete reperfusion afier release of the infarct producing 60-min coronary artery occlusion,
Kapadia and colleagues®® have extended these studies by showing that myocardium can also
be preconditioned in the presence of a permanent stenosis, which is thus also present during
the reperfusion period. Studies in hypercholesterolemic animals, in particular when they have
moderate to severe coronary artery lesions, and in animals with hypertrophied and failing
hearts are another step forward in assessing whether ischemic preconditioning or other stimuli
may be protective in man. A major reason for undertaking such studies is that we believe that
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the definitive proof of ischemic preconditioning in man cannot be achieved,5%70 because of the
numerous uncontrolled and confounding factors. ¥ the human myocardium can protect itself
against the development of ireversible damage, one must also realize that this could be a
confounding factor when one wants to evaluate the salvaging effects of therapeutic
interventions such as thrombolysis.
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Involvement of both Adenosine A, and A; receptors
in ischemic preconditioning in rats

Background The role of adenosine in ischemic preconditioning has been confirmed in several
species such as rabbits, dogs, swine and human. However, in the rat heart its role is not
clear as several studies show confroversial evidence using adensine antagonists, This
could be explained by the finding that during myocardial ischemia interstitial adenosine
levels are higher in rats compared to other species. We therefore studied the role of
adenocsine recepiors in an in vivo rat medel using both low and high dose of 8-SPT,

Methods and Results Area at risk (AR) and infarcted area (IA} were determined in
anesthetized rats after 180 min of reperfusion following a 60-min coronary artery
occlusion (CAQ). In control rats IA/AR was 70+2%. Ischemic preconditioning by a single
15-min CAO (PC) decreased TIA/AR to 47+4% (P<0.05 vs conirol). The adenosine
receptor antagonist 8-SPT had no effect on infarct size by itself (IA/AR = 74+1%) and
blunted the protection by PC at a dose of 10 mg/kg i.v. (IA/AR = 59+2%, P<0.05 vs PC),
whereas 50 mg/kg i.v. of 8-SPT abolished the protection (IAJAR = 70+£1%, P<0.05 vs
PC). The selective adenosine A; agonist IB-MECA administered prior to the 60-min CAO
limited IS (49+4%, P<0.05 vs control) to the same extent as ischemic preconditioning.
The protection by adenosine A, receptor stimulation, however, was partly blocked by high
dosage of 8-SPT {62+2%, P<0.05 vs IB-MECA), but not by low dosage of 8-SPT
(56+2%, P=0.157), suggesting that 8-SPT also blocks adenosine A; receptors at high dose.

Conclusions 8-SPT  dose-dependently inhibited the cardioprotection by ischemic
preconditioning indicating that adenosine is involved in ischemic preconditioning in the
rat heart in vivo via A, receptor stimulation. The higher dose of 8-SPT abolished the
protection by IP and blunted the cardioprotection by IB-MECA, suggesting that the A,
receptor also contributes to ischenic preconditioning,
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Introduction

Since the original observation by Downey and coworkers! in an /i vivo rabbit model, that
the nonselective adenosine receptor blockers 8-SPT and PD[15,199 were able to abolish the
cardioprotection afforded by ischemic preconditioning, the role of adenosine in ischemic
preconditioning has also been confirmed in other species such as dogs? and swine.34

The rabbit has been extensively used for studies on the role of adenosine and has shown
that different adenosine receptor subtypes like A; and Ay are involved. Agonists selective for
adenosine A; (IPTIASS and CCPAS) or A; (APNEA78 and IB-MECA?®) receptors showed
infarct size reduction to the same extent as with ischemic preconditioning in both in vitro and
in vivo studies. Moreover, in isolated rabbit myocytes ischemic preconditioning could only be
partially blocked by the adenosine A, selective antagonist DIPCDX, but was completely
blocked by the combination of DPCPX with either adenosine A/A, antagonist BWA1433 or
8-SPT, indicating that both adenosine A, and A; receptors are involved.10

In the rat heart, however, evidence for the role on adenosine receptors in ischemic
preconditioning is still incompletely understood. In this species cardioprotection can be
induced by adenosine or selective A; receptor agonists CCPAILI2 or rPIA.13 However, Li et
al' failed to observe a blunting of the protective effect of ischemic preconditioning #n vive by
the adenosine receptor antagonist 8-SPT at a concentration of 10 mg/kg. Other investigators
also failed to abolish ischemic preconditioning using the non-selective adenosine receptor
blockers 8-SPTIS or PD115,199.11 It is possible that blockade of adenosine receptors was
inadequate because not all receptor types, for example adenosine A; receptors, were blocked,
Another possible explanation is that the interstitial level of the antagenist is nof high enough to
block all receptors, which is supported by the in vitre study of Headrick.16 In that study it was
shown that during myocardial ischemia interstitial adenosine levels rose 6-fold to ~2 pM in
isolated rabbit hearts, whereas they rose 27-fold to ~7 uM in isolated rat hearts. Using a higher
concentration of 8-SPT, Headrick was able to block the protective effect of ischemic
preconditioning. Taken info account the K; value of 8-SPT for A, and Aj; receptors (K; (A¢) =
2600 nM, K; (A;) = 10000 nM) it is likely that Headrick, using a higher dose, also blocked the
As receptors in addition to the A, receptors. Thus, suggesting that adenosine Aj recepfors may
also be involved in ischemic preconditioning.

In view of these considerations, we investigated the role of the adenosine A; and A,
receptors in ischeinic preconditioning in an in vive rat model. Taking into account the higher
interstitial levels of ADO in the rat heart, we used both a low (10 mgkg) and a high
conceniration (50 mgskg) of 8-SPT during ischemic preconditioning. Since high doses of 8-
SPT may also block adenosine A, receptors, additional experiments were performed using the
selective adenosine A, agonist IB-MECA with and without 8-SPT,
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Methods

All experiments were performed in accordance with the Guiding Principles in the Care
and Use of Laboratory Animals, as approved by the American Physiological Society and with
prior approval of the Animal Care Comunuittee of the Erasmus University Rotterdam.

Surgical and experimental procedures

Male Wistar rats weighing approximately 300 g, fed ad libitum, were anesthetized with
pentobarbital (60 mg/ke) and intubated for positive pressure ventilation (Harvard rodent
ventilator, Hitliston, Mass, USA) with room air. Through the carotid artery a PE-50 cathefer
was positioned in the thoracic aorta for measurement of arterial blood pressure and heart rate,
In the inferior caval vein a PE-50 catheter was placed for infusion of Haemaccel
{Behringwerke AG, Marburg, Germany) to compensate for blood loss during surgery. After
thoracotomy via the left third intercostal space and opening of the pericardium, a silk 6-0
suture was looped under the coronary artery for later production of coronary artery occlusion.
Following ilaparotomy, a catheter was positioned in the abdominal cavity to allow
intraperitoneal infusion of pentobarbital for maintenance of anesthesia.

Rectal temperature was continuously measured with an electronic thermometer
{Electromedics Inc.} and was maintained at 36.5-37.5 "C by either heating pads or ice-filled
packages. Except during production of coronary arlery occlusion and reperfusion, the
thoracotomy site was covered with aluminum foil to prevent heat loss from the thoracic cavity.
In an earlier study!? we verified the adequacy of this procedure in five rats in which
simultaneous measurements of rectal and intrathoracic temperature showed no differences at
baseline and at the end of a 60-min coronary artery occlusion.

Rats that fibrillated during occlusion or reperfusion were allowed to complete the
profocol when conversion to normal sinus rhythin occuwred spontaneously within 1 min, or
when resuscitation by gently thumping on the thorax or defibrillation with a modified battery
of 9V was succesful within 2 min after onset of fibrillation. Occlusion and reperfusion were
visually verified by appearance and disappearance of myocardial cyanosis.

Experimental protocols

All protocols were performed at a body temperature of 36.5-37.5 °C. In all animals the
hearts were subjected to a 60-min coronary artery occlusion (CAQ) followed by 180 min of
reperfusion (Rep) {Fig 1). In the control groups, animals received either no pretreatment or
pretreatment with the H,; antagonist mepyramine {MEP) or the non-selective adenosine
antagonist 8-{p-Sulfophenyl)theophylline (8-SPT) to exclude an effect of these agenfs on
infarct size. In groups 4,5 and 6, ischemic preconditioning was produced by a 15-min CAQ
followed by 10 min of Rep before the 60-min CAQ, To investigate the contribution of
adenosine receptors in ischentic preconditioning groups 5 and 6 were pretreated with a low (10
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mg/kg) and high (50 mg/ke) dose of the non-selective adenosine antagonist §-SPT,
respectively. In groups 7 and 8, the effect of A, receptor stimulation on infarct size was studied
using the selective A, agonist N°-(3-iodobenzyl)adenosine-5’-N-methyluronamide (FB-MECA,
100 pg/kg). Since infusion of IB-MECA induced a marked decrease in arterial blood pressure,
which has been ascribed to release of histamine from mast eells,!8 the animals in group 8 were
pretreated with the Hy-antagonist mepyramine (5 mg/kg). In groups 9 and 10 the selectivity of
8-SPT was tested by infusion of 10 or 50 mg/kg of 8-SPT before administration of IB-MECA,

60-min CAO
Group 1 Confrol b 180-min Rep n=10
Group 2 Control+MEP V7 n=6

Graup 3 Control+SPT __ag Bz n=5
Group 4 PC _ B n=8
Group § PC+10SPT _ A n=7
Group 6 PC+50SPT _ A4 n=7
Group 7 I1B-MECA __ Iz n=6
Group 8 IB-MECA+MEP i n=6
Group 9 IB-MECA+MEP+10SPT Bl 777 n=8
Group 10 IB-MECA+MEP+50SPT Bl n=7

pre CAQ  end CAC end
( f t 1
-55 0 60 240
Time {min}

Fignre 1 Diagram showing the 10 experimental groups. Ischemic preconditioning (PC, hatched bars) was produced
by 15 min of total coronary artery occhusion (CAQ) followed by 10 min of reperfusion (Rep). IB-MECA (100 petkg,
open bars), low (10 mghkg) and high (50 mglkg) dose of 8-SPT (black bars) and mepyramine (5 mg/kg, horizontal
striped bars) were given intravenously. Infarct size was determined at the end of the 180 min of reperfusion in all

groups.

Measurement of infarct size

At the end of each experiment the coronary artery was reoccluded and the area at risk
was demarcated by infusion of 10 m! Trypan Blue (0.4%, Sigma Chemical Co.) to stain the
normally perfused myocardium dark blue and delineate the nonstained area at risk (AR). The
heart was then quickly excised, cooled in ice-cold saline and cut into slices of 1 mm from apex
to base. From: each slice, the right ventricle was removed and the left ventricle was divided
into the AR and the remaining.left ventricle, using microsurgical scissors. The AR was then
incubated for 19 min in 37°C Nitro-Blue-Tetrazolium (Sigtma Chemical Co., | mg per | mi
Strensen buffer, pH 7.4), which stains vital tissue purple but leaves infarcted tissue unstained.
After the infarcted area (TA) was isolated from the noninfarcted area, the different areas of the

- [35-



Brief Ischemin: a double-edged sword

LV were dried and weighed separately. Infarct size was expressed as a percentage of the AR,
Animals in which AR was below 15% of left veniricular weight were exchuded,

Data analysis and presentation

Infarct size (IA/AR, in percent) was analyzed by one-way ANOVA followed by
Dunnett’s test. Hemodynamic variables were compared by two-way ANOVA for repeated
measures followed by the paired or unpaired ¢ test. Statistical significance was accepted when
p<0.05, Data are presented as mean:tSEM.

Results
Mortality

Of the 100 rats that had entered the study 19 animals were excluded because of technical
failure and three because of sustained ventricular fibriflation during the 60-min CAQ (Group !
Control, Group 2 Control + MEP and Group 4 PC). In 8 animals the area at risk was less than
15% of total left ventricular mass and therefore also excluded.

Hemodynamics

Tabie 1 shows thaf at baseline there were no significant differences in mean arterial
pressure (MAP) among the 10 groups. Heart rate (HR) was significant only between group 1
{controf) and group 8 (IB-MECA+MEP), but similar just before the sustained occlusion.
Fifteen mimutes of ischemia (group 4) resulted in a slight decrease in both HR and MAP,
which was not significant. Infusion of 8-SPT also had no effect on heart rate, but increased
MAP by 15-35%. Stinulation of the adenosine A; receptors by infusion of IB-MECA (group
7, however, resulted in severe hypotension as MAP decreased from 11648 mmHg to 5947
mmHg, most likely via A; receptor-mediated histamine release. A bolus of MEP, which partly
attenuated the hypotensive response to 1B-MECA (group 8), also had a negative effect on HR,
as in the control group {group 2) HR decreased from 410413 bpm to 371+ bpm and in the
IB-MECA treated group from 41946 bpm to 36912 bpm, Despite infusion of both MEP and
8-8PT i groups 9 and 10, 1IB-MECA stil decreased MAP, but to a lesser extent,

The 60-min coronary artery occlusion followed by 180 min of reperfusion resuited in a
decrease in both HR and MAP in the control groups (groups 1, 2 and 3). In preconditioned
animals HR and MAP were maintained, while the increase in MAP produced by both doses of
8-SPT was lost duaring the 60-min CAO and 180-min Rep. After infusion of IB-MECA the 60-
min coronary artery occlusion did not further decrease MAP with or without MEP or 8-SPT.
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Table 1 Systemic hemodynamics

BL Pre Stimulus Pre CAO Ead CAQC End Rep
Control
Group 1 60-min CAQ
HR (bpm) 36313 - 36012 362+12 36314
MAP (mmHg) 1056 - 102+5 93£6% 85464
Group 2 MEP+-60-min CAQ
HR {bpm) 41013 365x11* 371=11* 366£8% 360:£14*
MAP (mmHg) 11546 11245 1086 102+5 85177
Group 3 SPT+60-min CAQ
HR (bpm) 38116 382422 382x18 345:+13% 326:8%"
MAP (mmHg) 084 13747 1335% 868" 719t
PC
Group 4 15-min CAO+10 min Rep+60-min CAO
HR. (bpm} 39110 3919 37711 3808 37748
MAP (mmHg) 10946 1086 923 9345 896"
Group § 10SPT+15-min CAQ+10 min Rep+60-min CAQ
HR (bpm) 3676 3668 3568 340=11* 323x9%1
MAP (mmHg) 9945 1294 % 102::10 838" gt
Group 6 50SPT+15-min CAQ+10 min Rep+60-min CAQ
HR {(bpm) 36910 362+8 36010 345£10% 34810
MAP (mmHg) 11946 13729 11126 96::4" §6:5%T
IB-MECA,
Group 7 IB-MECA+60-min CAQ
HR (bpm) 38617 379417 363z16 337£21% : 311=16*
MAP (mmHg) 1168 10810 597* 6310% 66:8*
Group 8 MEP+IB-MECA+50-min CAQ
HR (bpm) 4196 352514% 369+12% 368410% 35148
MAP (mmHg} 1205 98+11* T6£10% 76E7* 73£7*
Group 9 MEP+10SPT+IB-MECA+60-min CAQ
HR (bpm) 40310 363£11% 366+14* 340+11% 336£19*
MAP (mmHg) 1105 1337% 675" TaLT* F2ET*
Group 10 MEP+50SPT+IB-MECA+60-min CAQ
HR (bpm) 3909 26913 367+14 341£16* 316210%
MAP (mmHe) 1058 135+5% 864 724LT* 65+6*1

AR, area at risk as percentage of left ventricular total mass; IA/AR, infarct size as percentage of area at risk; CAQ, coronary artery occlusion; Rep, coronary reperfusion;
MEP, Mepyramine (5 mg/kg); 10SPT, 8-(p-SulfophenyDtheophylline (10mg/kg): S0SPT, 8-(p-Sulfophenyl)theophylline (50mg/kg): IB-MECA (100pg/ke): PC,
preconditioning. Data are meantSEM, *P<0.05 vs BL; 1P<0.05 vs pre CAO.
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Infarct size

There were no significant differences in AR among the experimental groups (Table 2). In
the control rats, 60-min CAQO resulted in an JA/AR of 70+£2%., Pretreatment with MEP or 8-
SPT had no effect on infarct size (71+1% and 74+1%, respectively). Ischemic preconditioning
by a single 15-min CAO (PC) decreased IA/AR to 47+4% (P<0.05 vs contro). This protection
was blunted by 10 mg/kg 8-SPT {59+2%, P<0.05) and abolished by 50 mg/kg 8-SPT (70£1%,
P<0.05). Pharmacological stimulation of the adenosine Aj; receptors by IB-MECA also
decreased TA/AR during the 60-min CAO (49+4%, P<0.05 vs control) to a similar extent as
ischemic preconditioning. MEP had no effect on this protection (51+2%, P<0.05 vs control).
The protection by adenosine A; receptor stimulation, however, was partly blocked by high
dosage of 8-SPT (62+2%, P<0.05 vs IB-MECA), but not by low dosage of 8-SPT (56+2%,
P=0.16), suggesting that 8-SPT at high doses blocks adenosine A; receptors in addition to A;
receptors.

Table 2 Myocardial infarct size

AR, % LV IAJAR, %
mass

Control
Group 1 60-min CAO 3943 702
Group 2 MEP+60-min CAO 3642 e
Group 3 SPT+60-min CAQ 3545 7441

PC
Group 4 15-min CAOQ+10-min Rep+60-minCAQ 3844 4744%
Group § 10SPT+I15-min CAQ+10-min Rept60-min CAQ 3644 5942+t
Group 6 S0SPT+I5-min CAQ+10-min Rep+60-minCAQ 3442 70217

IB-MECA
Group 7 IB-MECA+60-min CAO 3345 49+£4%
Group 8 MEP+IB-MECA+60-min CAO 33+1 S142%
Group 9 MEP+IOSPT+HIB-MECA+60-min CAO 3243 56+2%
Group 10 MEP+50SPTHB-MECA+60-min CAO 3443 6242+

AR, arca at risk as percentage of left ventricular fotal mass; IA/AR, infarct size as pereentage of area at risk; Sham indicates control
group undergoing 60-min CAQ without pretreatment; CAQ, coronary artery occlusion; Rep, coronary reperfusion; MEP,
Mepyramine (5 mg/kp); 10SPT, 8-{p-Sutfophenyltheophylline {10mg/kg); 50SPT, 8-(p-Sulfophenyl)theophylline (50mg/kg); IB-
MECA (100pg/kg); PC, preconditioning, Data are meantSEM, *P<0.05 vs control, 1P<0.05 vs PC; 1P<0.05 vs IB-MECA.

Discussion

‘The major findings of the present study are that (i) 8-SPT, at a dose which had no effect
on the cardioprotection by the selective A; agonist IB-MECA, aftenuated the protection by
ischemic preconditioning in the rat heart i vivo, indicating the involvement of A; receptors in
ischemic preconditioning, (ii) A higher dose of 8-SPT abolished the cardioprotection produced
by ischemic preconditioning, but also blunted the protection by IB-MECA, suggesting that
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both A, and A; receptors are Involved in the cardioprotection afforded by ischemic
preconditioning in the rat heart in vivo,

Both in vitre and in vive studies on the role of adenosine in ischemic preconditioning in
rats have shown controversial results. In Langendorff perfused rat hearts cardioprotection,
defined as increased recovery of function, could be induced by activation of the adenosine
receptors by either adenosine!®!? or the adenosine A, agonist rP1A.!* On the other hand, using
comparable concentrations of agonists in the same model Cave et al?0 and Asimakis et al2!
were unable to induce cardioprotection. Similar controversies were found using non-selective
adenosine antagonists 8-SPT and BWA1433 before ischemic preconditioning, which did not
block ischemic preconditioning at low dose of 10 uME32021 but at high dose (50 pM)
cardioprotection was completely abolished.6.22 Moreover, in in wvo studies adenosine
infusion decreased infarct size,!! but ischemic preconditioning could not be abolished by the
adenosine antagonists 8-SPT!4 or PD-155199.11 These results can be explained by the very
high interstitsial adenosine levels found in rat heart and as a result, to competitively overcome
the elevated levels of adenosine, high concentrations of potent antagonists must be delivered to
the rat heart receptor site.!8 Thus, conclusive evidence on the role of adenosine in ischemic
preconditioning in the rat heart is still lacking,

In the present siudy, cardioprotection by ischemic preconditioning was dose dependently
inhibited by the non-selective adenosine receptor antagonist 8-SPT indicating that adenosine is
involved in ischemic preconditioning in the rat heart in vivo. Although Li et all4 also used a
dose of 10 mgrkg 8-SPT in vive, blockade of ischemic preconditioning could not be exhibited.
An explanation for this discrepancy could be attributed to the use of different anesthesia in that
study, a combination of ketamine/xylazine, which can interfere with the process of ischiemic
preconditioning?3, or to the use of female rats in that study as estrogen has been shown to be
cardioprotective,?4 even at physiological levels.?s Still, the dose dependent inhibition by 8-
SPT in this study is consistent with the hypothesis of Headrick!6 that in preceding studies in
the rat the 8-SPT dose was insufficient to block adenosine receptors as interstitial adenosine
levels increased more in rat hearts compared to rabbit hearts. That study was the first to
measure interstitial adenosing in the rat heart during ischemia and have put forward an
explanation for the negative findings on the role of adenosine in ischemic preconditioning, as
in these studies!3:20:2L adenosine receptors were not completely blocked,

Based on the higher interstitial adenosine levels during myocardial ischemia, Headrick?6
used a dose of 50 pM 8-SPT instead of a dose of 10 uM 8-SPT, but did not make a distinguish
between A, or A; adenosine receptors, Taken into account the K; value of 8-SPT for A and A,
receptors {K; (Ay) = 2600 nM, K; (A;) = 10000 nM) it is likely that a higher dose also blocked
the A; receptors in addition to the Ay receptors. This is supported by our finding that low dose
of 8-SPT (10 mg/kg) is unable to block cardioprotection afforded by the adenosine A; receptor
agonist IB-MECA, and thus only blocks adenosine A; receptors. The cardioprotection by 1B-
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MECA was, however, partly blocked by a dose which is five times higher (50 mg/kg), whereas
the K; value for A, receptors is only 4 times higher, suggesting that 50 mg/kg 8-SPT also
blocks the adenosine A; receplors. In conclusion, the complete abolishment of ischemic
preconditioning in this study by the high dose of 8-SPT, suggests a role for both adenosine A,
and Aj receptors in ischemic preconditioning in rats i vivo,
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Time course and mechanism of myocardial catecholantine release
during transient ischemia in vivo
Thomas W Lameris, Sandra de Zeenw, Gooitzen Alberts, Frans Boomsma, Dirk J Duncker,
Pieter D Verdouw, Arie J Man in 't Veld, Anton H van den Meiracker

Background Elevated concentrations of norepinephrine (NE) have been observed in ischemic
myocardium, We investigated the magnitude and mechanism of catecholamine release in
the myoccardial interstitial fluid (MIT) during ischemia and reperfusion in vive through the
use of microdialysis,

Methods and Results In 9 anesthetized pigs, interstitial catecholamine concentrations were
measured in the perfusion areas of the left anterior descending coronary artery (LAD) and
the left circumflex coronary artery. After stabilization, the LAD was occluded for 60
minutes and reperfused for 150 minutes, During the final 30 minutes, tyramine (154 nmol-
kg min™") was infused into the LAD. During LAD occlusion, MIF NE concentrations in
the ischemic region increased progressively from [.0X0.1 to 524125 nmol/L. MIF
concentrations of dopamine and epinephrine rose from 0.4+0.1 to 43.9+9.5 mmol/L and
from <0.2 (detection Hmit) to 4.7+0.7 nmol/L, respectively. Local uptake-1 blockade
attenuated release of all 3 catecholamines by >30%. During reperfusion, MIF
catecholamine concentrations refurned fo baseline within 120 minutes, At that time, the
tyramine-induced NE release was similar to that seen in nonischemic control animals
despite massive infarction, Arterial and MIF catecholamine concentrations in the left
circumflex coronary artery region remained unchanged.

Conclusions Myocardial ischemia is associated with a pronounced increase of MIF
catecholamines, which is at least in part mediated by a reversed neuronal reuptake
mechanism. The increase of MIF epineplrine implies a {probably neuronat) cardiac
source, whereas the preserved catecholamine response to {yramine in postischemic
necrotic myocardium indicates functional integrity of sympathetic nerve terminals.
(Cirvculation, 2000;101;2645-2650.)
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Introduction

Myocardial ischemia is associated with a marked accumulationof norepinephrine (NE) in
ischemic tissue.!™ In vifro studies suggest that this is caused by nonexocytotic release of NE
from cardiac sympathetic nerves.>” In contrast to the normally occurring exocytotic NE
release, this non-exocytotic NE release is (1) caleium independent, (2) not under influence of
local or central sympathetic stimulation, and (3) not affected by presynaptic inhibition.”
Interestingly, these in vifro studies in the sympatheticatly dominant rat heart also suggest that
the ischemia-induced nonexocytotic NE release can be attenuated by neuronal uptake-1 (U1)
blockade, indicating that under ischemic conditions, the Ul mechanism is reversed and can
operate as a carrier for outward instead of inward NE transport.>® However, this has not been
investigated in parasympathetically dominant luman and porcine hearts in vivo. Furthermore,
little is known about the myocardial release of epinephrine (E) and dopamine (DA} in the
ischemic heart in vivo; this is of particular interest because cardiac E release has been reported
in in vitro studies and in healthy elderly men and patients with severe congestive heart failure
at rest and during exercise.®™!

Microdialysis allows the measurement of catecholamine concentrations in the myocardial
interstitial fluid (MIF) in vivo and the investigation of the mechanisms that underlie their local
release and clearance.!? Using an in vivo porcine model, we investigated the time course and
magnitude of changes in MIF concentrations of catecholamines during severe myocardial
ischemia and reperfusion. To determine the contribution of reversal of the Ul mechanism fo
ischemia-induced NE release, | of the microdialysis probes in the ischemic myocardium was
coperfused with the U1 inhibitor desipramine (DMI),'21

We also determined whether sympathetic nerve endings are functionally impaired during
reperfusion after severe myocardial ischemia, as has been suggested for the isolated rat hearts.”
For this purpose, local NE response to an intracoronary infusion of tyramine in the
postischemic myocardium was compared with the response observed in the nonischemic
porcine myocardium of control animals previously studied under similar experimental
conditions.'? Tyramine is taken up via Ul into the sympathetic nerve endings, where it releases
NE, Tyramine thus provides information on the NE content as well as on the Ul function of

sympathetic nerve endings."

Methods
Animal Care
All experiments were performed in accordance with the Guiding Principles for Research

Involving Animals and Huwman Beings as approved by the Council of the American
Physiological Society and under the regulations of the Animal Care Comumittee of Erasmus
University Rotterdam,
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Surgical Procedure

After an overnight fast, crossbred Landrace xYorkshire pigs of either sex (weight 30 to
35 kg, n=59) were sedated with ketamine (20 to 25 mg/kg IM), anesthetized with sodium
pentobarbital (20 mg/kg IV), intubated, and connected to a respirator for intermttent positive
pressure ventilation with a mixture of oxygen and nitrogen. Respiratory rate and tidal volume
were set to keep arterial blood gases within the normal range.'> Catheters were positioned in
the superior caval vein for the continuous administration of sodivm pentobarbital (10 to 15 mg
kg -h"y and saline to replace blood withdrawn during sampling, In the descending aorta, a
fluid-filled catheter was placed to monitor aortic blood pressure and blood sampling. Through
a carotid artery, a micromanometer-tipped catheter (B. Braun Medical BV} was inserted into
the left ventricle (LV) for the measurement of LV pressure and its first derivative, LVdP/dt,
After the administration of pancuronium bromide (4 mg), a midsternal thoracotomy was per-
formed, and the heart was suspended in a pericardial cradie, An electromagnetic flow probe
(Skalar) was then placed around the ascending aorta for the measurement of cardiac output,
After a Doppler flow probe was placed on a proximal segment of the left anterior descending
coronary artery (LAD}, a camnula (outer diameter=1.3 mm:) was inserted distal to this site into
the LAD for the administration of tyramine.

Microdizf[ysis probes were implanted in the LV myocardium through the use of a steel
guiding needle and split plastic tubing: 1 probe in the region perfused by the left circumflex
coronary artery (LCx) and 2 probes in the area perfused by the LAD. To achieve local Ul
inhibition, I of the LAD probes was coperfused with DMI (100 mmo¥/L).13 In addition, a
microdialysis probe was placed in the interventricular coronary vein that drains the LAD

region.”

Dialysis Methodology

The polycarbonate dialysis membrane of the microdialysis probes (CMA/20; Camegie
Medicine AB) has a cutoff value of 20 kDa, a length of 10 mm, and a diameter of 0.5 mm.
Probes were perfused with an isotonic Ringer’s solution at a rate of 2 pL/min with a CMA/100
nricroinjection pump. Dialysate volumes of 20 mL (sampling time 16 minutes) were collected
in microvials containing 20 pL of a solution of 2% (wt/vol) EDTA and 30 nmol/L /-erythro-a-
methyl-NE {AMN]) as internal standard in 0.08 N acetic acid, Sampling started immediately
after insertion of the probes. Plasma samples were drawn into chiiled heparin-containing tubes
containing 12 mg glutathione. Microdialysis and plasma samples were stored at -80°C until
analysis within the next 5 days.'>'®

In vivo probe recovery of NE (5261%) has been determined through retrodialysis with
AMN as a calibrator and direct comparison of hemomicrodialysis and plasma samples.'! i
vivo probe recovery for E (68+3%) was determined through a comparison of E concentrations
in arterial plasma with E concentrations in the dialysate obtained from the carotid artery probe.

- 146 -



Chapter 8 Catecholamine release during myocardial ischemia

The in vive probe recovery for DA was not determined directly but was assumed to be similar
to the probe recovery of NE because of the similarities of NE and DA in size and charge
distribution,

Experimental Protocol

After a 120-minute stabilization period,”” baseline measurements were obtained during a
30-minute period before the LAD was occluded distal to the first diagonal branch for 60
minutes, with an atraumatic clip, and then reperfused for 150 minutes, During the final 30
minutes of reperfusion, tyramine (154 nmot - kg” -min™) was infused directly into the LAD,
At the end of the experiment, the perfusion area of the LAD was determined with an intraatrial
infusion of 30 mL of a 5% (wt/wt) solution of fluorescein sodium during reocclusion of the
LAD. During occlusion, ventricular arthythmias were counted and distinguished as premature
ventricular contractions, ventricular tachycardia, or ventricular fibrillation.® After the
induction of ventricular fibrillation with a 9-V battery, the heart was excised and infarct size
was determined with the use of para—nitro blue tetrazolium.™

Analytical Procedures

Plasma catecholamines were determined through HPLC with fluoromeiricdetection after
liquid-liquid exfraction and derivatization with the fluorogenic agent 1,2-diphenyl-
ethylenediamine.'” For microdialysis samples, the catecholamines are not extracted before
fluorometric detection with HPLC but instead were directly derivatized according to the
procedure described by Alberts et al."” This method suppresses the interference of sulfhydryl
compounds on derivatization, thus improving sensitivity,

Reagenis and Pharmaceuticals
Ketamine and sodium pentobarbital were obtained from Apharmo BV, Pancuronium

bromide was obtained from Organon Teknica BV. Ringer’s solution was purchased from
Baxter, Tyramine was obtained from the Department of Pharmacy, University Hospital
Rotterdam. Fluorescein sodivm, para-nifro blue tetrazolium, DMI, NE, E, DA, and AMN
were purchased from Sigma Chemical Co. EDTA was purchased from Merck. L-Glutathione
was obtained from Fluka, Acetic acid was obtained from Baker. 1,2-Diphenyl-ethylenediaming
was prepared as reported previously.”

Statistical Analysis
Five of the 9 animals experienced ventricular fibrillation during LAD occlusion (between

10 and 30 minutes of ischemia) but were successfully defibrillated within 1 minute with the
use of 20- to 30-W countershocks and therefore were included in the analysis. Because there
were no differences in the hemodynamic and catecholamine responses between animals that
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fibrillated and the animals that maintained sinus rhythm, the data for all 9 animals were
pooled, Catecholamine concentrations obtained with microdialysis were corrected for probe
recovery. Lower littits of detection for catecholamines measured with microdialysis and those
measured in arterial plasma were 0.2 and 0.02 nmol/L, respectively. Baseline values were
determined by averaging the 3 measurements during the 30-minute period before occlusion.'
Results are expressed as mean+=SEM. For statistical analysis, 2-way ANOVA, 1-way ANOVA
for repeated measures with Dunnett’s multiple comparison test as post hoc test, and Student’s ¢
tests were used as appropriate.

Results
Systemic Hemodynamics During Ischemia and Reperfision

Baseline hemodynamic data and the changes produced with 60-minute LAD occlusion
and 120 minutes of reperfusion (Table 1) are in accordance with previously published data

from our laboratory.™

Table 1 Cardiac and Systemic Hemodynamics at Baseline, at 60 Min of Ischemia, and at 120 Min of Reperfusion

Baseling - Ischemia Reperfusion
60 min 120 min

Mean Aordic Pressure, mmHg 97+2 8242+ T9+5
Cardiac Qutput, L/ntin 2.4+0.2 2.120,1 1840 1%
Heart Rate, bpm 11444 11847 13741 1%
Systemic Vascular Resistance, mmbig.min.L? 4244 4144 4345
Stroke Volume, mL 2242 [8£1* 15+2%
LVdP/dt..,., mmHg/s 1680+100 1460+110 1380150
Lefi Ventricutar End Diastolic Pressure, mmHg 6.6+0.8 9.3x1.4% 10.0+1.9*
LADCA Flow, mL/min 34+3 1] 46+8

Data are presented as meantSEM, 0=9; *£<0.05 vs Baseline.

Infarct Size
The LAD occlusion resulted in an ischemic area (area at risk) that composed 29+2% of
the LV mass. Infarct size determined at the end of reperfusion was 84+4% of the area at risk.

Catecholamine Concentrations During Ischemia and Reperfusion

At baseline, NE concentrations in MIF (NEygz} in the LAD and 1.Cx regions were similar
fo concenlrations in the coronary vein (NEcy) but were 3 times the concentrations in arterial
plasma (NE,;,)(P<0.05; Table 2). DA concentrations followed a similar pattern, whereas E was
detectable only in arterial plasma. Under Ul blockade, NEy¢ increased 5-fold, whereas DAyge
did not change and Eygr remained undetectable.

During the first 10 minutes of ischemia, NEyy in theLAD region tripled and continued to
rise progressively, so NEyyr increased 500-fold by the end of ischemia (Table 2, Figure 1), In
the presence of Ul blockade, the rate of rise of NEyr was attenuated so that after 20 minutes
of ischemia NEy,r under Ul blockade was similar to, and at 60 minutes was less than haif of
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NEyr in the absence of Ul blockade. NEy increased progressively to 100-fold its baseline
value. On reperfusion, NEy under Ul blockade and NEcy declined rapidly, with the early
rate of decline being most pronounced for NEy s in the absence of Ul blockade (Figure 1).
Within 120 minutes of reperfusion, catecholamine concentrations in MIF and coronary vein
had returned to baseline values. NEyr in the LCx perfused area and NE,; remained unchanged
during the course of the experiment.

In the LAD region, Eyyr and DAyge in the absence and presence of Ut blockade and Ecy
and DAgy followed qualifatively similar patterns as NE, but absolute increments during
ischemia were substantially less pronounced (Tabie 2, Figure 1). Again, E,,DA.,, and DAyp
in the LCx region did not change over the course of the experiment, whereas Eyr int the LCx
region remained undetectable.

Table 2 Plasma and MIF catecholamine concentrations at Baseline during Ischemia and Reperfusion
Arterial Plasma Coronary MIF EADCA  MIF LADCA + MIF LCXCA

nmol/L Vein nmol/L DMI nntol/L
nmel/L nmol/L
Norepinephrine
Baseling 0.3040.08 0.86+0.221 0.97+0.11¢ 5.76+0.77718 0.96+0.13¢
60 min Ischemia 0.3240.07 0364 524+125%%} 198+46%11§ 0.79+0.2771§
120 min Reperfusion 0.5420.23 0.62+0.30 0.54+0.11 1.99£0.28*71§ 0.62+0.16
Epinephrine
Baseline 0.0420.01 < (.20 <0.20 <0.20 < (.20
60 min Ischemia 0.03+0.01 2.5541.07%F 4.74+0.71*%7F  2.0920.43%1§ <0.201§
120 min Reperfusion 0.0740.02 <{.20 <{1.20 < (.20 <{.20
Dopamine
Baseline 0.06+0.01 0.71+0.45% 0.4040.12¢ 0.57%0.16f 0.59+0.27¢
60 min Ischemia 0.06+0.04 11.6+4.3*%F 43.949.5%71 16.545.6%1§ 0.4740.0491§
120 min Reperfusion 0.15+0.07 0.27£0.11 0.30::0.10F 0.34+0.131 0.2140.03

MIF; myocardial interstitiaf fluid; LADCA; left anterior descending cororary arlery; LCXCA; left ciccumflex coronary arlery;
DM, desipramine, UL inhibitor. Data are presented as mean+SEM, n=9, *P<0.05 vs Baseline; {P<0.05 vs Arterial Plasma;
1P<0.05 MIF LADCA vs Coronary Vein; § P<0.05 vs MIF LADCA.

Ventricular Arrhythmias During Ischemia
Most of the ventricular arthythmias occurred within the first 30 minutes of ischemia. The

incidence of premature ventricular contractions was particularly high between 20 to 30
minutes of ischemia (a total of 661 and a mean of 73£19 per animal). Five animals
experienced ventricular fibrillation but were defibrillated successfully within 1 minute, There
was no correlation between NEupe concentrations and the occurrence of ventricular
arthythmias in general or ventricular fibrillation in particular,

Postischemic Catecholamine Release With Tyramine

Figure 2 shows that the infusion of tyramine directly into the LAD after 120 minutes of
reperfusion caused an increase in NEyge in the postischemic myocardium from 0.6+0.1 to
11.5£1.9 nmol/L (P<0.05). This increment was not different from the increase of from 0.9+0.2
to 134432 nmolVL in the LAD region of the normal (nonischemic) swine heart."”
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Furthermore, compared with the increment seen in the absence of U1 blockade, the increase in
the presence of Ul blockade was minimal.

1 ischeml schemla
Ly fschemla 105 J_ma' 100 [—
g g -
2 10 g
: E g
~— — =
g e =
£ £ £
£ k=]
8 £ E_
2 g ot
£ £ o
g 8 ?
o
T
01 FHELE — .01 & 4
R B - T I VB O o W0 30 &0 80 12 1M 180 -3 0 W & w0 (20 150 168D
time (min) tima (min) tims {min)

Figure 1 Time course of changes in catecholamine concentrations during ischemia and reperfusion. Data are shown
Jor MIF in LAD region in absence (% and presence () of Ul blockade, MIF in LCx region in absence of Ul blockade
(3), and concentrations in arterial plasma thatched bars) and in coronary vein ). Data are given as meantSEM
(n=9).

Discussion
The results of the present study demonsirate that myocardial ischemia is associated with

a rapid and massive increase in the concentration of all 3 endogenous catecholamines (NE, E,
and DA) in the myocardial interstitial fluid as measured with the microdialysis fechnique in
vivo. As suggested for NE in in vitro studies,™® the reversed Ul mechanism plays an impor-
tant role in the release of all 3 catecholamines during ischemia én vive, Furthermore, our study
shows that after 60 minutes of ischemia, which results in massive infarction of the jeopardized
myocardium, the functional integrity of sympathetic nerve terminals remains intact. Finally,
our results suggest that cardiac interstitial E has a neuronal origin,

20 oo

A norepinephrine (nmol/L)

-DMi +DMI

Figure 2 Tyraniine-induced NE release in perfusion area of LAD with and without Ul inhibition. Data are shown for
postischemic myocardium (n=d, hatched bars) and for historic nonischemic control animals (n=4, solid bars).”’ Data

are given as meantSEM (n=4), ¥P<0,05,
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Interstitial Catecholamine Concentrations During Basal Conditions

The present study confirms that at baseline, NEyr is =3 times the NE,,, and increases ~6-
fold in response to U1 blockade,"'?”® whereas Eygr was below the detection limit regardless of
the presence of U1 inhibition. DAy did not rise under Ul blockade, suggesting that Ul does
not play a predominant role in the clearance of DA from the interstitial compartment under
baseline conditions in the heart. Little is known about the affinity of DA for Ul and the
relevance of Ul to DA clearance in the heart. Because the main purpose of the Ul mechanism
is to modulate synaptic transmission, it is hard to envisage a substantial role for Ul in the
clearance of DA in the absence of any cardiac dopaminergic synaptic transmission.
Furthermore, in tissues with known dopaminergic transmission, like brain and kidney, DA is
taken up by a specific DA neuronal uptake mechanism that does not take up NE and is poorly
inhibited by D124

Interstitial Catecholamine Concentrations During Ischemia and Reperfusion

In in vitre experiments in isolated rat hearts, 3 phases of ischemia-induced release of NE,
each with a different mechanism, have been recognized.*** During the early phase of
ischemia (0 to 10 minutes), the release of NE, if present, is exocytotic and depends on the
activation of efferent sympathetic neurons. Accumulation of catecholamines in the extra-
cellular space during this early phase is prevented by the highly efficient Ul mechanism and
by presynaptic inhibition by adenosine, which accumulates in cardiac tissue during this phase
of ischemia. The latter has been shown to be of particular importance in the rat, because
adenosine concentrations are considerably higher than those in other species.?* During the
second phase of ischemia (10 to 40 minutes), the release of NE becomes nonexocytotic and is
thought to involve the Ul mechanism in the carrier-mediated efflux of NE in reverse of its
normal transport direction.™® During the third phase (>40 minutes ischentia), the release of NE
is no longer attenuated by Ul inhibitors, which is explained by the occurrence of structural
changes in the neuronal membrane of the myocardial neurons.”

in the present study, a rapid and pronounced increase in MIF concentrations of all 3
catecholamines was observed shortly after occlusion of the LAD. Because released NE is
avidly taken up by the cardiac Ul mechanisim, we expected a larger rise in NEuyr in the
presence of the Ul inhibitor DMI than without Ul inhibition. However, during this first 10
minutes of ischemia, the increment of NEMIF with Ul blockade (5.8 to 8.5 mmol/L) was
similar to the increment without Ul blockade (0.9 to 2.7 nmol/L). Possibly, in the parasym-
pathetically dominant porcine heart, Ul carrier—mediated nonexocytotic NE efflux already
occurred within the initial 10 minutes of ischemia, so in the presence of DM, any decrease in
Ul-mediated clearance was compensated for by a decrease in the ischemia-induced Ul
carrier—mediated NE efflux. As mentioned, myocardial release of NE in first 10 minutes of

- 151 -



Brief Ischemia: a double-edged sword

ischemia is not an invariable finding. For example, stimulation-evoked NE release has shown
to be suppressed in rat hearts and human atrial tissue but to be facilitated in guinea pig hearts”

Throughout the ischemic period, MIF catecholamine concentrations rose progressively in
the ischemic area. Concentrations of catecholamines did not change in either the nonischemic
LCx area or the systemic circulation. The reversal of the Ul mechanism continued to
confribute to the catecholamine release dwring the entire period of ischenyia. Thus, Ul
blockade attenuated the release of all catecholamines by .50%, indicating that despite
infarction of 83% of the area at risk, Ul was operative after 60 minutes of ischemia, Qur
findings vary from those obtained in the ischemic myocardium of the isolated rat heart, where
the reversed Ul mechanism no longer contributes to the release of catecholamines 40 minutes
after the induction of ischemia. This difference may be explained by the differences in
experimental conditions (eg, in vivo versus in vitro studies) and the species investigated.’

On reperfusion, MIF catecholamine concentrations rapidly declined in the postischemic
myocardium. Washout probably was the predominant factor in the clearance of catechol-
amines in this early phase of reperfusion. However, the decline in the first 10 minutes of
reperfusion was substantially greater without inhibition of the Ul mechanism, indicating that
the Ul mechanism also confributed significantly to the clearance of NE during early
reperfusion. Although it should be noted that in contrast to techniques used in in vitro
studies,>”* the time resolution of the MD technique as presently used does not allow
conclusions to be made regarding minute-to-minute changes in catecholamine concentrations.
Compatible with previous findings that E and DA are less avidly taken up by Ul than NE,*
the decline in Eyyr and DAyyr during reperfusion was not affected by Ul blockade.

Origin of Myocardial Interstitial £

An interesting finding was the ischemia-induced increase in Eygp, albeit small compared
with the increase in NEyye. Because the concentrations of B, and Euye in the nonischemic LCx
region did not change during ischemia, this increase must have originated from the heart, It is
currently unclear whether this source is neuronal or extraneuronal. Evidence favoring
extraneuronal synthesis and release of E is the presence of the enzyme phenylethanolamine N-
methyltransferase in extraneuronal myocardial tissue,'®’ Furthermore, an intrinsic cardiac
adrenergic cell type outside the sympathetic nervous system, capable of releasing E and NE,
has been identified in the human heart.'® Finally, enhanced cardiac E spillover into the
coronary circulation of patients with heart failure during sympathetic stimulation was
disproportionate to the spillover of NE, suggesting that E may in part be derived from sources
other than chromaffin cells or sympathetic nerves®!! On the other hand, it is known that
sympathetic neurons can take up B from the circulation and release it upon stimulation.®® In the
present study, the pattern of release and clearance of E during ischemia and reperfusion was
similar to that of NE and DA. Furthermore, inhibition of the neuronal U! mechanism
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attenuated the ischemia-induced release of all catecholamines to a similar degree, suggesting a
common source, thus favoring a neuronat origin.

Functional Integrity of Sympathetic Nerve Endings

The effects of Ul blockade on the NEyyr responses to ischemia and reperfusion
suggested that Ui mechanism of the sympathetic nerves was still functioning during and after
the 60-minute LAD ocelusion. This is further substantiated by the NEy response to tyramine
at the end of reperfusion, Similar to NE, tyramine is taken up by neurons through U1, where it
displaces NE from the nerve terminals because of its higher affinity for the neuronal storage
proteins. Consequently, the tyramine-induced NE release reflects both neuronal NE content
and the efficacy of UL.'">? The increase in NEy in the postischemic LAD region was very
similar to that in the nonischemic control hearts (Figure 2).'? These findings are in line with
those reported by Shindo et al,* who studied the tyramine-induced NE release in nonischemic
and postischemic areas in feline hearts after 40 minutes of reperfusion after 40 mimutes of
ischemia. In addition, in the present study, the attenuation of the tyramine-induced NE release
by Ul inhibition in both postischemic and nonischemic groups also was similar (Figure 2).
Although the present experimental setup does not allow for any predictions concerning the
long-term survival of sympathetic nerves, the present findings indicate that sympathetic nerve
terminals remained functionally intact at least during the first few hours after reperfusion.
However, functional alterations of the somata of the sympathetic nerves cannot be entirely
exclunded, Thus, in a canine model of tachycardia-induced heart failure, impairment of the
myocardial contractile response to electrical or chemical stimulation of sympathetic somata
was observed at a time when the contractile response to tyramine was completely preserved,”

Tmplications

Although the pathophysiological significance of the massive accumulation of
catecholamines in the ischemic myocardial issue was not investigated in the present study,
there is evidence from experimental as well as clinical studies that high catecholamine
concentrations are deleterious to the heart>’>! Several studies have demonstrated NE-
dependent antiarrhythmic effects of Ul inhibition during ischemia with either {ricyclic
antidepressant agents like desipramine and imipramine or structurally unrelated Ul inhibitors
like cocaine and nisoxetine.™** This study provides a possible explanation for this beneficial
effect by demonstrating that the reversed Ul mechanisin contributes substantially to the
refease of catecholamines during ischemia.
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Brief Ischemia: a double-edged sword

Cardioprotection in Pigs by Exogenous Norepinephrine, but not by Cerebral
Ischemia-Induced Release of Endogenous Norepinephrine
Sandra de Zeenw, Thomas W Lameris, Dirk J Duncker, Djo Hasan,
Frans Boomsma, Anton H van den Meiracker, Pieter D Verdouw

Background Endogenous norepinephrine release induced by cerebral ischemia may lead to
sinall arcas of necrosis in normal hearts. Conversely, norepinephrine may be one of the
mediators that limit myocardial infarct size (IS) by ischemic preconditioning. Because
brief ischemia in kidneys, gut or skeletal muscle limits IS produced by a coronary artery
occlusion, we investigated whether cardiac norepinephrine release during transient
cerebral ischemia is also capable of eliciting remote myocardial preconditioning.

Methods and Results In [0 anesthetized control pigs, IS after a 60-min coronary occlusion
and 120 min of reperfusion was 84+3% (mean+SEM) of the area at risk, Intracoronary
infusion of 0.03 nmol/kg-min™ norepinephrine for 10 min before coronary occlusion did
not affect IS (80+3%, n=6), whereas infusion of 0.12 nmol/kg'min” fimited IS (65+2%,
n=7, P<0.05). Neither a 10-min (n=5) nor a 30-min (n=0) period of cerebral ischemia
produced by elevation of infracranial pressure before coronary occlusion affected IS
(83::4% and 82+3%, respectively). Myocardial interstitial norepinephirine levels tripled
during cerebral ischemia and during low dose norepinephrine, but increased ten-fold
during high dose norepineplrine. Norepinephrine levels increased progressively up to
500-fold in the area at risk during the 60-min coronary occlusion, independent of the
pretreatment, while norepinephrine levels remained unchanged in adjacent non-ischemic
myocardium and arterial plasma.

Conclusions Cerebral ischemia preceding a coronary occlusion did not modify IS, which is
likely related to the modest increase in myocardial norepinephrine levels during cerebral
ischemia. The IS limitation by high dose exogenous norepinephrine is not associated with
blunting of the ischenva-induced increase in myocardial interstitial norepinephrine levels.
(Stroke, revision subniitted)
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Introduction

Ischemic preconditioning, originally described for the myocardium! is not organ specific
as it also occurs in kidney,23 skeletal muscle, S hungé and brain.?8 Przyklenk et al® have
shown that brief regional myocardial ischemia protects not only the jeopardized myocardium
from infarction during a subsequent coronary artery occlusion, but also the adjacent “virgin”
myocardium. Several groups of investigators have extended this observation and have shown
that brief ischemia in remote organs such as kidney,!%!12 gmall infestines'® and skeletal
muscle,!3 is capable of limiting myocardial infarct size produced by a prolonged coronary
artery occlusion. Norepinephrine is one of the mediators involved in the signaling pathway
leading to ischemic preconditioning,!4-16 and because cerebral ischemia has been reporied to
cause a profound release of norepinephrine from sympathetic nerve endings in normal
myocardium,? this raises the question whether transient cerebral ischemia prior to a coronary
artery occlusion may also be cardioprotective. In addition, exogenous administration of
norepinephrine before a coronary artery occlusion has been shown to elicit cardioprotection in
rabbits1® and rats.!¥ The aim of the present study was therefore to study the effect of cerebral
ischemia on myocardial infarct size produced by a coronary artery occlusion in pigs. Because
the cardioprotective effect of norepinephrine has not been established in pigs, we first studied
whether infracoronary infusions of norepinephrine are capable of limiting myocardial infarct
size, A further aim was, using {the microdialysis technique,!7.20 to quantitafc the increase in
myocardial norepinephrine concentrations during cercbral ischemia and exogenous
norepinephrine infusions, and fo determine whether limitation of infarct size by these
interventions is mediated by attenuation of myocardial interstitial norepinephrine levels during
the infarct-producing coronary artery occlusion.2!

Methods

The present experiments conformed with the “Guide for Care and Use of Laboratory
Animals” published by the US National Institutes of Health (NIH publication No, 85-23,
revised 1996) and under the regulations of the Erasmus University Rotterdam.

Experimental Groups

Fourty one crossbred Landrace x Yorkshire pigs of either sex (34+1 kg) were assigned to
one of 7 experimental groups of which in 6 groups myocardial infarct size was determined at
the end of the protocol (Figure 1). Ten of these animals (Controt) underwent only a 60-min
occlusion of the left anterior descending coronary artery (LAD)Y followed by 120 min of
reperfusion, while in 13 animals the 60-min LAD occlusion-reperfusion protocol was preceded
by a 10-min infusion of norepinephrine into the LAD at a rate of either 0.03 nmol/kgmin
(NE g, n1=6) or 0.12 mnol/kg-min" (NE;;;on, 0=7). In 3 additional animals, the effects of a 10-
min infusion of the high dose of norepinephrine (NEy gy suav} 0N regional myocardial function
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and metabolism was evaluated in order to assess whether this dose produced myocardial
ischemia and asynchrony of contraction, Infarct size was not determined in these animals, In 5
animals a 10-min period of global cerebral ischemia (CI,y) preceded the 60-min LAD-
occlusion by 20 min, while in 6 animals the LAD-occlusion was preceded by a 30-min period
of cerebral ischemia (Cly) and 30 min of reperfusion. Finally, in 4 animals, we studied
whether 30 min of global cerebral ischemia per se (Clyy gua) produced damage of normal
myocardium, Cerebral ischemia was achieved by rapid infusion of artificial cerebrospinal
fluid,2? such that intracranial pressure increased to approximately 250 mmHg, which was
invariably above the systolic arterial pressure. In all groups, a 120-min stabilization period
followed the surgical procedures, after which baseline measurements of cardiovascular
performance were made. Microdialysis was performed in the Control, NE, g, NEjyq, and Clsg
groups. Dialysate samples were collected over 10-min periods for determination of myocardial
interstitial norepinephrine concentrations starting 90 min into the stabilization period, a time at
which norepinephrine concentrations have reached stabie levels. 2821 During the subsequent 30
min baseline dialysate samples were collected. Plasma samples were obtained halfway through
each 10-min dialysate collection period Animails which encountered ventricular fibrillation
during the LAD-occlusion or upon reperfusion, but in which sinus rhythin was successfuily
restored by DC-countershock within 2 min, were allowed to complete the experimental
protocol.

Surgery

Overnight fasted pigs were sedated with ketamine (20-25 mg/kg i.m., Apharmo BV,
Arnhent, The Netherlands), anesthetized with sodium pentobarbital (20 mg/kg i.v., Apharmo),
intubated, and connected to a respirator for intermittent positive pressure ventilation with 30%
oxygenated room air, Respiratory rate and tidal volume were set to keep arterial blood gases
within the normal range. Catheters were inserted into the superior caval vein for infusion of
sodium pentobarbital (10-15 mgfkg-h™) to maintain a constant depth of anesthesia and saline
for replacement of blood withdrawn during sampling, A fluid-filled catheter was placed in the
descending aorta for the measurement of aortic blood pressure and collection of arterial bloed
samples, while a micromanometer-tipped catheter was inserted indo the left carotid artery and
advanced into the left ventricle for the measurement of left ventricular pressure (LVP) and its
first derivative (LVdP/df). After administration of pancuronium bromide (4 mg, Organon
Teknika BV, Boxtel, The Netherlands), a midsternal thoracotomy was performed, and the
heart was suspended in a pericardial cradle. An electromagnetic flow probe (Skalar, Delft, The
Netherlands) was placed around the ascending aorta for the measurement of cardiac output,
while the segment of the LAD between the first and the second diagonal branch was dissected
free for placement of a Doppler flow probe (Triton Technology Inc., San Diego, CA, U.S.A))
and a microvascular clamp, In the 16 animals which received intracoronary infusions of
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norepinephrine (NE qw, NEyan, and NEq suaw ), @ small cannula was inserted into the LAD

distal to the flow probe.
LAD-occlusion Reperfusion

Control n=10
NELow n=6
NEnicH n=7
7
NEhicH sHam é n=3
Cho n=5
C|3o n=6
ICP ¢
\
Clao stam '\\\\\ n=4
T T T T 1 F )
60 -30 (¢] 180

Time (min}

Figure I Diagram showing the 7 experimental groups. Novepinephrine (NE) was infised at a rate of either
0.03 (NEvos) or 0.12 nmolfkg-mint” (NEyen and NEygy way) into the left arierial descending coronary artery
(LAD). Global cerebral ischemia (CI} produced by elevating intracranial pressure (ICP) to 250 mmHsg,
was maintained for either 10 min (Cle) or 30 min (Cly and Cli qug). Infarct size was determined at the
end of 120 min of reperfusion in all groups except in NEyeoysna.

Microdialysis probes were implanted in the left ventricular myocardium using a steel
guiding needle and split plastic tubing:; one in the area perfused by the LAD and one in the
area pertused by the left circumflex coronary artery {L.CX). Finally, in the Clyg group a third
microdialysis probe was placed in the cortex of the brain. Perfusion of the probes started
immediately after insertion,20:2!

In the Clsy g a0d NE;ngy suan groups ulirasound crystals were implanted to assess the
effect on regional myocardial wall function using sonomicrometry (Triton Technology Inc.,
San Diego, CA). Each pair of crystals was implanted in the midmyocardial layer
approximately 10 mm apart and paratlel to the fiber direction. In these animals also the great
cardiac vein accompanying the LAD was cannulated for collection of coronary venous blood
samples. Finaily, in the NEgy suaw group, also the left atrium was cannulated for injection of
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radioactive microspheres (**Sn or 'Ce, 15+1 (SD) pm) to determine the distribution of
myocardial blood Hlow at baseline and at the end of the norepinephrine infusion.!

In order to produce cerebral ischemia, two catheters were inserted into the left and right
cerebral lateral ventricles through bore holes.2® A fluid-filled catheter was used for infusion of
the artificial cercbrospinal fluid to clevaie intracranial pressure, which was monitored with a
micromanometer-tipped catheter,

Microdialysis Methodology

The polycarbonate dialysis membrane of the microdialysis probes (CMA/20, Camegie
Medicine AB, Sweden) has a cut-off value of 20 kD, a tength of 10 mun and a diameter of 0.5
mm. Cardiac probes were perfused with an isotenic Ringer’s solution and the cerebral probe
with the artificial cerebrospinal fluid, at a rate of 2 pl/min using a CMA/100 microinjection
pump. Dialysate volumes of 20 pl (sampling time 10 min) were collected in microvials
containing 20 pl of a solution of 2% (%) EDTA and 30 nM l-erythro-alpha-methyi-
norepinephrine (AMN} as internal standard in 0.08 N acetic acid. Plasma samples were drawn
into chilled heparinized tubes confaining 2 mg glutathione, All samples were stored at —80°C,
until analysis within the next five days,20:21,24

In vivo probe recovery of norepinephrine (52+1%) has previously been determined by
retrodialysis, using AMN as a calibrator and by direct comparison of hemo-microdialysis and
plasma samples,20:21,25

Infarct Size Determination

At the end of the 120-min reperfusion period, the LAD was reoccluded and the area at
risk was determined by intra-atrial infusion of 20 ml of 5% (*A,) fluorescein sodium.26
Ventricular fibrillation was then induced using a 9V battery and the heart was excised,
Subsequently, the left ventricle was isolated and cut parallel to the atrioventricular groove into
five slices of equal thickness. After the area at risk was demarcated on an acetate sheet under
ultraviolet light, slices were incubated in 0.125 g para-nitrobluetetrazolium (Sigma Chenicals
Co., St Louis, U.S.A.) per liter of phosphatebufter (pH 7.4) at 37°C for 30 min, after which the
non-stained pale infarcted area was also fraced onto the sheet, The area at risk and the infarct
area were defermined by summation of the areas at risk and infarct areas of the individual
rings. Myocardial infarct size was defined as the ratio of the infarct area and area at risk.

Regional Myocardial Function and Perfision

From the segment length {racings percent systolic shortening (SS) was calculated as the
difference in segment length at end-diastole and the minimal segment length during systole
divided by the segment length at end-diastole. The development of asynchrony during local
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infusion of norepinephrine was assessed by determining the time interval between the
occurrence of minimal segment length (L) in the areas perfused by the LAD and LCX,

Myocardial Oj-exiraction (%) was calculated as the ratio of the arterio — coronary venous
Oy-content difference and the arterial O,-content. At the end of the experiment, the heart was
excised, the LAD and LCX perfused areas were separated and divided into three layers of
equal thickness, The subendocardial (inner layer) and subepicardial (outer layer) blood flows
and their ratios were determined using standard techniques.!

Statistical Analysis

All data have been expressed as meantSEM, Statistical significance (P<0.05) for the
changes in hemodynamics and norepinephrine concentrations was determined by two-way
ANOVA and one-way ANOVA for repeated measures, followed by Dunnett’s multiple
comparison test. Statistical significance (£<0.05) for differences in infarct size was determined
using one-way ANOVA without replication followed by Student’s / test,

Results
Hemodynawics

Norepinephrine infusions. Intracoronary norepinephrine infusion in the NE o, group
produced an increase in LVAP/dt,,,,, reflecting an increase in regional contractility as the other
cardiovascular variables remained unaffected {Table 1). During the [0-min washout period
LVdP/dt,. returned to baseline, During norepinephrine infusion in the NE;gq + NEj6i suan
animals, mean arterial pressure decreased rapidly from 9142 to 7446 mmHg at 5 min followed
by a gradual recovery (Table 1}. The decrease in cardiac output was responsible for the fall in
arterial blood pressure as systemic vascular resistance remained unchanged. Cardiac ountput
decreased, because the increase in heart raie was insufficient to compensate for the decrease in
stroke volume. The latter occurred despite the increase in LVAP/dt,,.,, and was likely due to
asynchrony of contraction (see below). At the end of the 10-min norepinephrine infusion mean
arterial pressure was still slightly depressed {10%), while heart rate (10%) and LVYdP/di,,
(65%) remained elevated. All parameters recovered during the 10-min washout period that
preceded the 60-min LAD-occlusion.

After 2 min of norepinephrine infusion in the NE gy sians group SS in the LAD perfused
myocardium increased from 2742% at baseline to 34::4%, while $S in the LCX area decreased
from 18+1% to 13£1% (both P<0.05). SS in either area did not change further during the
remainder of the infusion period. These changes were accompanied by asynchrony of
contraction between the LAD and LCX areas. Thus, whereas under baseline conditions L,;, of
both areas occurred at the end of global left ventricular systole, during norepinephrine the
oceurrence of L, in the LAD area preceded Ly, in the LCX area by 119+£2 ms (P<0.05). The
latter was due to L, in the LAD area oceurring 56+135 ms before and L, in the LCX area
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Table 1 Cardiovascular Hemodynamics During Norepinephrine Infusion or Cerebral Ischemia

Treatment Baseline A abs from Baseline
2 min 3 min 10 min 30 min Recovery
NE,on T3 03 225 353 N 142
NEp o + NEwon s 912 1546 1745+ 84 - 242
MAP, mmtg Cle 935 80£10% 53213% 1145 - -16£12
Clag + Clag s 904 836" G -1924* -175% 204
NE.ow 29402 0.020.1 0.0+0.1 0.020.1 - -0.120.1
— NEpon + NE o s 2.540.2 «0,4:0.2% -0.550.2% -0.220.1 . -0.120.1
, Cly 3.840.5 0.740.2 2.120.4* 0.7£0.3 - 0.30.6
Clag + Clag s 3.120.2 0.7£0.2% 2.220.3% 0.40.1% 0.90.2* 02504
NE, oy 1323 0.240.8 0.4£0.7 1.120.7 ) L1211
. NE, o + N s 3723 0.6+1.4 0.70.9 0.6:21.0 ] 1.220.9
SVR, mmHg/ bmin Cli 263 15.944.6% 1444 7.451.0% h 3.651.0%
Clo + Clyy e 3042 18.544.2% 1.823.2 -8.81.3% A11.0£1.5% -0.022.1%
NEiou 10747 141 122 1£2 - 143
KR bpm NEu: + NEsoomaad 11756 134* 1525% 1245% - 242
P Clo 11245 3748* 68£12% 1913 - 17£10
Clag + Chig s 1013 pry T9uwH 224 243 047
NE,w 2724 1115 15414 12412 ; 0.5%1.1
SV ml NEu; + NEumon s 242 5 4] 9% -6.41.6% 3817 A 1.120.7
: Clys 3343 26222 0.2438 1.423.0 ] 5.843.0
Clao + Clyo s 3042 44a] 8% -0.8=1.5 18412 8.0:1.6% 42432
NE.., 1560110 760100 790100 850=60* . 6070
vt NEugy* NEmgusun 2030200 8604210* 890=160* 1270£120% . 15070
LV@P/dtyy, mmHg's Clo 1790170 2810660 4650£010* 3102410 - 41023560
Clyg + Clyp v 1640120 2570440 5010340 160230 -90£170 50220
NE,., S 1.220.5 1.320.6 1.9+0.8 - 1.120.6
NEuu + N ssns 81 1750.8 +2.020.8% 140.6 . 0.720.6
LVEDP. mmHg Clis 0x1 8.541.7* 15412 0.242.4 - 25418
Cho + Cligsuor 741 10,6£2.5% 0.9£1.7 RS 1815 0.00.9
NEip 17202 0.320.2 0.320.2 0.320.1 ; 0.0£0.2
o NEmc * NEsaaravor 1.00.1 0.00.1 0.120.1 0.320.1 - 0.00.1
CBF. ml/ming © Cly 1.0+0.2 1.0£0.2% 0.740.1% 0.020.1 . 0.120.1
Clia + Clig s 130.1 1.320.2% 1.420.3% L0.10.1 02402 -0.120.1

MAP, mean arterial blood pressure: CO, eardiac output; SVR, systemic vascular resistance; HR, heart rate; SV, stroke volume: LVdP/dtmax, maximal rate of rise in left ventricular pressure; LVEDP,
left ventricular end-diastolic pressure: CBF.coronary blood flow. NE,,, and NEy, refer to the infusion rates of norepinephrine (0.03 and 0.12 nmol/kgrmin™, respectively); Cl;p and Cly refer to the
durations of cerebral ischemia (CI} (10 and 30 min, respectively): The NEyousiam an& Clig suay animals did not undergo the 60-min LAD-occlusion and 120-min reperfusion protocel LVAP/dty,,,
maximal rate of rise of left ventricular pressure. Data are mean+SEM; n=6 (NE gw), n=10 (NEjpon + NE o gy 125 (Clig) n=10 (Clyg + Clag guan): *P<0.05 vs Baseline.
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occurring 63+7 ms after closure of the aortic valves (both P<0.05 vs their respective baseline
values). During washout all wall function parameters returned to baseline values,

In the LAD area of the NE;,qy yau group, Oy-extraction decreased slightly from 64+7% at
baseline to 5447% during norepineplrine infusion, indicating that O,-delivery increased
slightly in excess of the increase in myocardial O,-demand. In agreement with this finding,
myocardial proton release was not increased, as reflected by the maintained arterio — coronary
venous pH difference (0.06+0.01 at baseline and 0.06:+0.01 at the end of infusion), Moreover,
the subendocardiat to subepicardial blood flow ratio remained unchanged in both the LAD
area (1.144£0.25 at baseline and 1.30:+0.17 at the end of infusion) and the LCX area ([.21+0.07
and 1.24+0.05, respectively). Finally, 88 in the LAD and LCX areas returned to baseline
values immediately during the recovery period 24+3% and 17+1%, respectively), indicating
that the infusion of norepinephrine did not produce myocardial ischemia and stunning.

Cerebral ischemia. The clevation of intracranial pressure from 1242 munHg at baseline
to 250 mmHg produced an immediate increase in mean aortic pressure in both the Clyp and
Cly + Clig suay animals, which was initially the consequence of increases in both cardiac
output and systemic vascular resistance (Table 1). However, after 5 min the tachycardia-
mediated increase in cardiac output was exclusively responsible for the elevated arterial blood
pressure, Despite the dramatic increase in afterfoad, stroke volume was maintained most likely
due to enhanced myocardiat contractility as LVdP/dt,,,, increased up to four times its baseline
value. The increase in coronary blood flow paralleled the increase in myocardial oxygen
demand, reflected by the 150% increase in double product (heart rate - systolic arterial
pressure).

Similar to earlier observations in dogs?” and pigs,!” the transient hyperdynamic phase
was foliowed by a fall in mean arterial pressure below baseline levels at 10 min of cerebral
ischemia, which was the result of a decrease in systemic vascular resistance. Except heart rate,
which remained slightly elevated, all other variables had recovered at 10 min, In the Ci;, +
Clsg sias @nimals, mean arterial pressure, cardiac output and systemic vascular resistance did
not change further during the remainder of the 30 min period. Although cardiac output did not
change, heart rate returned fo baseline levels, and stroke volume increased, During the
recovery period, intracranial pressure returned to baseline valtues (1242 mmHg), and except for
mean arterial pressure and systemic vascular resistance, all other variables had also recovered
(Table 1),

The elevation of the intracranial pressure produced a small decrease in myocardial Oy
extraction from 64+5% at baseline to 58+6% at 5 min and no change in myocardial proton
release (i.e. no widening of the arterio — coronary venous pH difference: 0.04+0.01 both at
baseline and at 5 min), indicating the absence of myocardial ischemia. The elevation of the
intracranial pressure decreased SS from 24+1% to 16£2% at 2 min, but at S min SS had
already recovered to 23+1% and to 26:1% at 10 min, with no evidence of depressed regicnal
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Table 2 Cardiovascular Hemodynmmics During Coronary QOcclusion and Reperfusion

Treatment Pre-occlusion End-occlusion End-reperfusion
Cantrol 9042 T542% 7616%
NE o 9344 T246* 70+5*%
MAP, minHg NEjom 8744 7745 7744
Clyg 7549 7425 6545
Cly 6544 6115 664
Control 2.6+0.2 2.120.1* 2,130.2%
NEox 2.840.2 2,3:0.2% [.9+0.1*
CO, Lmin’! NE, 2.240.2 1,940.2% 1.8+0,2%
Clp 3.540.4 2.940.3 2.540.4
Cly 2.9+0.3 2,240.2% 2.0:0.1*
Control 3813 3743 38+4
NEiow 3444 3243 3844
SVR, mmHg/A-min! NEuse 4144 43+4 4545
Clyq 2243 2744 28+4¥
Clso 2442 28+2% 33+2%
Control 11544 123+7 13948%
NE, o 10849 11249 119413
HR, bpm NE o4 12446 13311 [36+11
Clyp 12947 11949 12047
Cla 11246 11245 11546
Control 2242 {8£1¥ 16k1*
NE, g 214 2243 1742
Sy, ml NEun 1842 1442% 131#
Cle 28+4 2544 213
Chy 25%2 2042% 181
Confrol 16105100 1480100 16404260
NE; g 1500+1 10 1350110 1250100
LVdP/dt,.,, mmHgs'  NBgn 1980+280 2060£350 2050340
Clyg 2200410 1630140 1350140
Clz 1710320 1250160 11702100
Control Tx1 941 1041%
NE,ox 042 10:£1 101
LVEDP, mmHg NEue: 82 042 12%]
Clyo 7+3 1343 1341
Cly 61 912+ 12+1*

MAP, mean arterial blood pressure; CO, cardiac cutput; SVR, systemic vascular resistance; HR, heart rate; SV, stroke volume;
LVdP/dt ., maximal rate of rise in left ventricular pressure; LVEDP, fefl veniricular end-diastolic pressure. Pre-occlusion values
of the Norepinephrine and Cerebral [schemia groups correspond to the recovery vaiues in Table 1; NE tow and NE high refer to the
infusion rates of norepinephrine (0.03 aad 0,12 nmol/kgmin?, respectively); Clyp and Clyy refer to the durations of cerebral
ischemia (C1} (10 and 30 min, respectively); EVdP/dt,,, maximal rate of rise of left ventricutar pressure,

Data are mean+SEM; n=10 (Control}, n=6 (NB g}, n=7 (NEjscd, n=5 (Clyg), n=6 {Chy); *P<0.05 vs Pre-occlusion.
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wall function during the remainder of the 30 min period (27+1%) or the subsequent recovery
phase (234+3%).

LAD-occlusion and reperfision. Mean arterial pressure in the control group decreased
secondary to the decrease in cardiac output during the 60-min LAD-occlusion and did not
change further during reperfusion (Table 2). Heart rate increased slightly, but insufficiently to
compensate for the decrease in stroke volume,

Pretreatment with norepinephrine had no effect on the hemodynamic responses during
the subsequent LAD-occlusion and reperfusion, in either the NE, o, or NE g group, In the
animals subjected to cerebral ischemia prior to the LAD-occlusion, mean aortic pressure did
not further decrease during the LAD-occlusion most likely because systemic vascular
resistance, which was still below baseline levels at the onset of the LAD-occlusion, recovered.

Area at Risk infarct Size
00 100 -~

80 80 -
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NI

60 -

40

A7 |

% of Left ventricle
% of Area at Risk
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|7

777

Figure 2 Area at visk and infarct size for the 5 experimental groups in which the LAD was occluded for 60
min and reperfused for 120 min. Global cerebral ischemia alone did not cause irreversible myocardial
damage (not shown). *P<0.05 vs Control. For firther details see Figure 1.

Myocardial Infarct Size

The area at risk of the Control group and of the groups pretreated with norepinephrine or
cerebrai ischemia prior to the 60-min LAD-occlusion were identical (Figure 2), Infarct size
was 844-3%, in the Control group and 80+3% in the NE, 4, group, but was only 6542% in the
NE gy group (P<0.05). Cercbral ischeinia had no effect on infarct size development during the
60-min LAD occlusion as in the Clyy and Clyy groups infarct size was 83+4% and 82+3%,
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respectively. Cerebral ischemia per se did not cause itreversible damage as in none of the Cly,
snan animals infarct tissue was detected.

NE ow NEyigH Clyg
~2 1 M 207 ICP
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Figure 3 Norepinephrine levels i plasma (hatched bars) and in the interstitivm of lefi veniricular
myocardium perfused by the LAD (full circles) and LCX (open circles) during the 10-ntin norepinephrine
infusions and during 30 min of cerebral ischemia. *P<0.05 vs Baseline. For further detaiis see Figure 1.

Mpyocardial Interstitial Norepinephrine Concentrations

The myocardial interstitial norepinephrine levels in the LAD perfused area increased
from 0.8:£0.2 nmol/1 to 2.2::0.5 mmol/l during norepinephrine infusion in the group NE, o, and
to 12,2459 nmol/l in the NE,,,; group (both P<0.05, Figure 3). Despite the intracoronary
route of administration, there was some spillover in the NE,;4 animals as evidenced by small
transient increments of norepinephrine in plasma from 0.240.1 to 1.040.2 nmol/l and in the
interstitinm of the LCX-perfused myocardium from 1,1£0.3 to 2,4+1.2 nmol/l (both P<0.05,
Figure 3),

In the Cly group, cerebral interstitial norepinephrine levels increased from 0.9+04
nmol/l at baseline to 6.121.9 nmol/l at 10 min of intracranial pressure elevation and increased
gradually up to 8.3+1.8 mnol/l at 30 min (not shown in Figure 3}. Upon cerebral reperfusion,
interstitial levels initially increased further to 12,3+2.3 nmol/1 but returned to baseline during
the 30-min recovery period. Cerebral ischemia resulted in a transient tripling of interstitial
norepinephrine Ievels in both the LAD- and LCX-perfused myocardium, and a 20-fold
increase in plasina norepinephrine levels (Figure 3).

In the Control, NE_ gy, NEye. and Cly groups, norepinephrine levels increased
progressively during the LAD-occlusion by up to approximately 500-fold, and decreased to
baseline levels during reperfusion, independent of the preceding intervention (Figure 4), There
was no correlation {r = 0.03) between the maximuwm interstitial norepinephrine levels during
the LAD-occlusion and myocardial infarct size.
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Figure 4 Norepinephrine levels in plasma (hatched bars) and fn the interstitium of left ventricular
myocarditum perfised by the LAD (full circles) and LCX (open circles) during 60-min LAD occlusion and
120 min of reperfusion. Notice that the levels in the LAD-perfused myocardium increased 500-fold during
LAD-occlusion independent of the preceding intervention, wiile the levels i the LCX-perfised
myocardium and plasma remained unchanged.

Discussion

The major findings of the present study in swine are: (i) global cerebral ischemia,
produced by either a 10-min or a 30-min elevation of intracranial pressure, which by itself
produced no imeversible myocardial damage, had no effect on myocardial infarct size
produced by a 60-min coronary artery occlusion; (ji) infracoronary infusion of 0.03
nmol/kg-min” norepinephrine produced similar increases in myocardial interstitial levels as
cerebral ischemia, and did also not limit myocardiat infarct size; (iif) conversely, intracoronary
infusion of 0.12 nmol/kg'min’' of norepinephrine that resulted in five times higher myocardial
interstitial norepinepline levels than cercbral ischemia and low dose norepinephrine was
capable of Hmiting myocardial infarct size; (fv) the cardioprotection by exogenous
norepinephrine was not caused by ischemic preconditioning and (v) this protection was not

- 169 -



Brief Ischemin: a double-edged sword

associated with a blunting of the progressive increase in myocardial interstitial norepinephrine
levels during the coronary artery occlusion.

Catecholamines and myocardial injury

The relation between catecholamines and myocardial injury was first established by
Rona and co-workers, 2830 who showed some 40 years ago that administration of high systemic
doses of isoprotereno! produced focal necrotic lesions in normal rat hearts.2?

Elevation of infracranial pressure is well recognized as a cause for myocardial
dysfunction and injury, Brain death caused by increased infracranial pressure has been shown
to produce echocardiographic alterations, hemodynamic instability, and contraction band
necrosis, all of which have been suggested to be the result of massive neuronat depolarization
and release of catecholamines31-3% These clinical observations initiated a large number of
experimental investigations in which deleterious effects of brain death on function and
integrity of normal myocardium were found, but generally no or only minimal focal
myocardial necrosis could be demonstrated,36-40

In view of the massive release of norepinephrine in the myocardiuvm during coronary
artery occlusion,?2141 it could be hypothesized that catecholamines may contribute to the
development of imeversible injury during a coronary artery occlusion. Several,*2-45 though
certainly not all6-*8 studies have reported that B-adrenoceptor blockade slows the
development of myocardial infarction produced by a coronary artery ligation. In conirast,
depletion of cardiac norepinephrine stores by reserpination, did not limit myocardial infarct
size in rabbits!* and dogs,!¢ suggesting that endogenous catecholamines do not contribute to
irreversible damage.

In contrast to the potentially deleterious effects of norepinephrine on normal and
ischemic myocardium, this catecholamine has also been implicated in mediating
cardioprotection by ischemic preconditioning. Thus, Toombs et al.'* have shown that in
rabbits the protection by ischemic preconditioning was abolished when catecholamine stores in
sympathetic nerve endings were depleted by prior administration of reserpine, Furthermore,
Thomton et al.!® demonsirated in the same species that tyramine-induced norepineplrine
refease 10 min before a 30-min corenary artery occlusion also protected the myocardium, This
cardioprotective action of catecholamines has been confirmed in other species such as the rat!?
and the dog.!516 We now show that a high dose of norepinephrine can also protect the porcine
myocardium against a sustained ischemic epidose,

Our data on wall function, {(distribution of) myocardial blood flow, O;-extraction and
proton release indicate that the high dose of norepinephrine did not preduce myocardial
ischemia and did therefore not protect the myocardium by ischemic preconditioning. In
support of this observation, the degree of protection afforded by norepinephrine was less than
what we previously reported for ischemic preconditioning, but similar to that produced by
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other non-ischemic stimuli, like ventricular pacing® and pharmacological agents such as the
K are channel openers bimakalim® and aprikalim.5! Since all these stimuli have in common
that they ultimately activate K'sye channels, it is tempting to speculate that norepinephrine
also protected via o;-adrenoceptor-mediated protein kinase C activation and subsequent
opening of (mitochondrial) K'xrp channels.52 Another mechanism by which norepinephrine
night protect' the myocardium is via a blunted release in catecholamines during the sustained
ischemic episode as has been suggested for ischemic preconditioning.™ However,
pretreatment with norepinephrine did not modify the release of cardiac norepinephrine during
sustained myocardial ischemia, in the present study, implying that the norepinephrine-
mediated cardioprotection is not refated to a blunting of the ischemia-induced increase in
norepinephrine levels,

Finally, the present study clarifies another issue on the role of norepinepluine in
cardioprotection, Przyklenk et al.? demonstrated that myocardial ischemia could also elicit
cardioprotection in adjacent virgin myocardium and speculated that this cardioprotective effect
might have been triggered by a substantial release of catecholamines in that adjacent region.
However, the present study shows that norepinephrine levels in the normal {LCX-perfused)
myocardium remained unaltered during and after the 60-min LAD-occlusion {Figure 4), even
though the interstitial norepinephrine levels in the LAD-perfused myocardium were 100-fold
higher than the value observed after 10 min of ischemia, corresponding to the period used by
Przyklenk et al.? to produce preconditioning of the adjacent virgin myocardium.

Cerebral ischemia as a stimulus for cardioprotection

It is well documented that transient ischemia in small intestines, kidneys and skeletal
muscle prior to a coronary artery occlusion can be cardioprotective,’0-1* We therefore
hypothesized that cerebral ischemia might similarly protect the myocardium, especiaily
because cerebral ischemia is associated with substantial norepinephrine release, one of the
mediators involved in cardioprotection by ischemic preconditioning. However, in the present
study transient cerebral ischemia did not reduce myocardial infarct size, The explanation for
the lack of protection might be two-fold. Firstly, 30 min of cerebral ischemia did not produce
myocardial ischemia and could not protect the myocardium via ischemic preconditioning,
Secondly, although myocardial norepinephrine levels increased during 30 min of cerebral
ischemia the failure to elicit cardioprotection appears to be refated to the magnitude of the rise
in myocardial interstitial norepinephrine levels, as the high dose of norepinephrine, which
yielded 5 times higher interstitial concentrations than cercbral ischemia elicited
cardioprotection. This is further corroborated by fhe findings with the low dose of
norepinephring, which produced similar interstitial myocardial norepineplrine levels as
cerebral ischemia, and was also ineffective in protecting the heart,
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It could be argued that even the 30-min global cerebral ischemia (Cly,) was too short to
elicit cardioprotection. However, there is ample evidence that the intensity of the
preconditioning stimulus is more important than its duration.%3% Moreover, because the
elevation of myocardial interstitial norepinephrine levels occurred exclusively during the first
10 min of cerebrai ischemia, it is unlikely that extending the period of cerebral ischemia would
produce cardioprotection. On the contrary, it might be argued that the duration of the
intracranial pressure elevation and recovery phase lasted foo long as the maximum myocardial
interstitial norepinephrine levels reached their peak during the first 10 min, so that a potential
effect of that stimulus was lost by the time {50 min later) the LAD was occluded for 60 min,
This is supported by observations that the memory for cardioprotection is shorter when stimuli
are used that do not cause myocardial ischemia #.56.57 However, when cerebral ischemia was
maintained for only {0 min, and the cerebral reperfusion was shortened to 20 min (Clyg),
infarct size after the 60-min coronary artery occlusion was also not different from control.

Finally, it can be excluded that a protective effect of transient global cerebral ischemia
exerted during the coronary artery occlusion was masked by irreversible myocardial damage
produced by transient global cerebral ischemia prior to the coronary artery occlusion, as in the
animals which were subjected to onty the 30 min of cerebral ischemia (Clig gyay), irreversibie
damage could not be detected. This observation is in agreement with most experimental
studies that have generally reported minimal or no focal myocardial necrosis following
cerebral ischemia,36-38.58

Conclusions

In conclusion, global cerebral ischemia preceding a coronary artery occlusion did not
modify myocardial infarct size, which is likely related to the modest increase in myocardial
norepinephrine levels during cerebral ischemia. The infarct size limitation by the high dose of
norepinephrine is not associated with a blunting of the increase in myocardial interstitial
norepinephrine levels during the coronary occlusion.
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Chapter 18 Discussion and Summary

Myocardial ischemia

Coronary artery disease, one of the most prominent health problems in modern sooiety,
may lead to myocardial ischemia (i.e, the energy demand cannot be met by the energy supply).
The resultant damage of myocardial ischemia is dependent on the duration and severity of the
myocardial ischemia and diverges from no damage, reversible damage (contractile
dysfunction), to irreversible damage (myocardial infarction). During the last 25 years both
experimental and clinical observations have led to the recognition of three ischemic
syndromes: (1) Myocardial stunning, the delayed recovery of regional myocardial contractile
function upon reperfusion of myocardial ischemia, despite the absence of irreversible damagel,
(2) Ischemic preconditioning, the cardioprotective effect of short periods of ischemia
preceding a period of prolonged ischemia?, and (3} Hibernation, the chronic feft ventricular
dysfunction in the absence of ongoing metabolic evidence of ischemia by a self-protecting
downregulation in myocardial function and metabolism to abort evolution toward cell death
despite chronic hypopertusion? (chapter ).

The general aim of this thesis was to study some remaining questions on the effects of
bricf periods of myocardial ischemia on the heart muscle, focusing on stunaing and ischemic
preconditioning, For these studies, an in vivo porcine model was used because of the extensive
possibilities to determine regional contractile function. The size of the heart allows
implantation of ulirasonic crystals in stunned and normal myocardium, for determination of
segment shortening and pressure-segment length/area loops, but also implantation of
microdialysis probes, for continuous measurement of interstitial levels of norepinephrine. In
addition, both arterial and coronary venous samples can be taken at several time points
throughout the whole experiment, for determination of myocardial oxygen consumption. In the
ischemic preconditioning studies in which infarct size is the most important parameter and
regional myocardial fanction measurements were not mandatory, the rat was used as
experimental animal. In these studies it is important that transmral flow is not influenced by
the presence of coronary collaterals. Both pigs and rats have the advantage that they possess a
negligible amount of collaterals, which provide less variability in the severity of myocardiai
ischemia, and thus less variability in the degree of stunning and myocardial infarct size (see
chapter 2).

Myocardial stunning

Established myocardial stunning can be treated with administration of positive inotropic
agents. Ca®" sensitizers may pose an advantage over classic positive inotropic agents, because
the former can increase force production with no (or negligible) increments in energy costs.6
However, a serious concern of increased Ca®* sensitivity is that it can prolong the duration of
contraction and delay the onset of relaxation, thereby impairing diastolic function.”®
Therefore, we studied in chapter 3 the effects of the Ca®" sensitizer EMD 60263 on diastolic
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function. The results show that a low dose could fuily restore systolic function without any
adverse effect on diastolic function, However, diastolic function was slightly impaired when
the dose of EMD 60263 was doubled. Because EMD 60263 is not a pure Ca®’ sensitizer, but
also possesses inward rectifier K™ current properties, we also used the enantiomer EMD
60264, which only possesses inward rectifier K' current properties. The study with the
enantiomer showed that the diastolic impairment at high dose of EMD 60263 was not caused
by the inward rectifier K* current properties, but by the Ca®" sensitizing properties, as EMD
60264 did not produce such a delay in onset of relaxation.

In view of the narrow therapeutic window of Ca®* sensitizers, as is the case with EMD
60263, Ca’* sensitizers with additional phosphodieasterase HI (PDE-III) properties may be
advantageous over pure Ca”* sensitizers. In chapter 4 we therefore used EMD 57033, which
has no effect on the delayed inward rectifier K* current, but exerts in addition to its Ca®"
sensitizing properties also minor PDE-TII inhibitory actions.3 This Ca® sensitizer is different
from pimobendan and levosimendan, which have already been used in clinic trials, %10 as the
latter mainly exert their cardiovascular actions by PDE-HI inhibition and a relatively minor
Ca®* sensitization, The results showed that in an in vive porcine model of regionally stunned
myocardium EMD 57033 had no adverse effect on global and regional diastolic function in a
dose that increased regional systolic function far beyond baseline levels. To assess the
confribution of PDE-II inhibition to the effects of EMD 57033, the actions of the PDE-III
inhibition were minimized by adrenergic blockade. This blockade, however, did not influence
the effect of EMD 57033 on stunned or non-stunned myocardium, and consequently at the
dose used in this study the positive inotropic actions of EMD 57033 cannot be ascribed to
PDE-III inhibition.

In an earlier study by our laboratory,!! it has been suggested that the inotropic response
to Ca®" sensitizers may differ between stunned and normal myocardium, For instance, it has
been shown that after infusion of EMD 60263 the increase in regional systolic segment
shortening in stunned myocardium of anesthetized pigs was much more pronounced than that
in normal myocardium. In accordance with this finding, in chapters 3 and 4 we observed that
the Ca®* sensitizers fully restored segment shortening in the stunned region, but only slightly
increased segment shortening in the control area. Regional systolic segment shortening is,
however, a load-dependent parameter for regional contractile function. Therefore, we also used
the left veniricular end systolic pressure-segment length relation, in analogy to the time-
varying elastance concept. This parameter showed that infusion of EMD 57033 induced
similar increases in end-systolic elastance in both stunned and normal myocardium, The same
observations are made when dobutamine is used, which suggests that the difference in
response of the stunned and normnal myocardivm using load-dependent or foad-independent
parameters results predominantly from a greater sensitivity of regions with a lower end-
systolic elastance for positive inotropic interventions.
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Several investigators have questioned, despite in vifro evidence, whether Ca® sensitizers
exert their cardiovascular effects in vivo by Ca®* sensitization. Thus, although infusion of Ca®*
in /n vive experiments can increase myocardial contractility reflected by LVdP/dt,,,,12-15
segment shortening,!2 wall thickening!3.14 and external work,!5 it has not been adressed in any
study whether the responsiveness to Ca’ was enhanced when Ca®' sensitizers were
administered. Moreover, in vivo evidence for a decreased Ca?* responsiveness in stunned
myocardium is facking. In chapfer 5 we therefore studied the effect of EMD 57033 on the
responsiveness of normal and stunncd myocardium to intracoronary Ca?* infusions in vive.
Intracoronary infusion of Ca® increased global and regional contractility of normal
myocardium and this effect was markedly enhanced by BEMD 57033, Conversely, stunned
myocardium was characterized by a loss of the inotropic response to Ca™" and this response
was restored after infusion of EMD 57033, These in vive findings support the concept, based
on i vitro observations, that EMD 57033 increases myocardial contractility via an increase in
myofilament Ca**-responsiveness, and that the myofilament Ca?*-responsiveness of stunned
myocardium is decreased,

Ischemic preconditioning

Brief periods of myocardial ischemia preceding a prolonged period of ischemia limit
myocardial infarct size (ischemic preconditioning).?2 In addition, several studies have now
shown that brief ischemia in the adjacent myocardium!® or in other orgaas, like the kidney!” or
small intestines,!” can also induce cardioprotection (remote preconditioning, chapfer 6).
Another group of stimuli, which do not lead to myocardial ischemia, such as ventricular
pacing,!® myocardial stretch!? or pharmacological preconditioning20-22 can also limit infarct
size. The cardioprotection by remote preconditioning and non-ischemic stimuli is, however,
less than the cardioprotection induced by ischemic preconditioning.

Adenosine as a mediator of cardioprotection

During myocardial ischemia, several substances such as adenosine and norepinephrine
are released and accumulate in the terstitium, Adenosine is the breakdown product of ATP
and is transported into the interstitium via the nucleoside transporter and activates adenosine
Ay and Aj; receptors on the cardiomyocytes and adenosine A, receptors in the vasculature. The
role of adenosine in the pathway leading to ischemic preconditioning, has been confirmed in
several species, although the subtypes of adenosine recepfor that coniribute to ischemic
preconditioning remain to be elucidated. In the rat, the role of adenosine in ischemic
preconditioning is controveisial, as several studies failed to block ischemic preconditioning
with adenosine receptor blockade.23.2¢ However, because interstitial adenosine levels are much
higher in rats than in other species,?® blockade of adenosine receptors in these studies could
have been inadequate. These considerations led us to study the role of adenosine receptors in
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ischemic preconditioning in the in vive rat heart. The results in chapfer 7 show that the non-
selective adenosine blocker 8-sulphophenyl-theophylline (8-SPT) dose dependently inhibited
ischemic preconditioning, with a complete abolition of protection after a high dose,
demonstrating the importance of adenosine in ischemic preconditioning in the rat heart. As
cardioprotection induced by the adenosine A; receptor agonist IB-MECA was not affected by
the fow dose of 8-SPT, but was blunted by the high dose of 8-SPT, these results suggest that
both adenosine A, and A, receptor subtypes are involved in ischemic preconditioning in the rat

heart.

Norepinephrine as a mediator of cardioprotection

Norepinephrine, released by the cardiac sympathetic nerve endings during myocardial
ischemia, is another mediator involved in the signaling pathway leading to ischemic
preconditioning. Using the microdialysis technique, we first studied in chapier & the
mechanism by which norepinephrine is released during ischemia and the effects of ischemia
on the functional integrity of nerve endings. The role of the uptake | mechanism was studied
using the uptake 1 blocker desipramine and the results showed that during the first 10 min of
ischernia norepinephrine was released by local exocytotic release, selectively in the ischemic
area, However, in confrast to previous studies in rats,26-2% nonexocytotic uptake via the uptake
I mechanism was not enhanced. After [0 min the release involved non-exocytotic release via
reversal of the carrier-mediated uptake 1 mechanism. Upon reperfusion the uptake 1
mechanism contributed to the clearance of norepinephrine. This observation together with the
finding that tyramine could induce release of norepinephrine after 60 min myocardial ischemia
suggests that the functional integrity of the nerve endings is still intact, at a time when massive
cardiomyocyte necrosis has occurred (84% of the area at risk infracted).

The effect of norepinephrine, released during ischemia, on cardiomyocytes is still under
debate. It has been shown that norepinephrine can be cardiotoxic and cause focal myocardial
necrosis,3® but norepinephrine is also known as one of the mediators in ischemic
preconditioning.>#-33 Cerebral ischemia has been reported to cause an excessive release of
norepinephrine from sympathetic nerve endings in normal myocardium.3* Therefore in chapter
9 we tested the hypothesis whether cerebral ischemia-induced norepinephrine release could
protect the heart during sustained myocardial ischemia via remote preconditioning, Global
cerebral ischemia, induced by increasing the intracranial pressure above systolic blood
pressure, caused a tripling of the interstitial norepinephrine levels, Cerebral ischemia by itself
did not cause myocardial necrosis, but also did not protect the heart against a prolonged period
of myocardial ischemia. Exogenous infusion of a low dose of norepinephrine, which produced
similar increases in interstitial norepinephrine levels as cercbral ischemia, was also unable to
induce cardioprotection. On the other hand, a high dose of norepinephrine, which resuited in a
10-fold increase in interstitial norepinephrine levels decreased infarct size after prolonged
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myocardial ischemia, The cardioprotection by exogenous norepinephrine was not caused by
ischemic preconditioning or associated with bluating of norepinephrine release during
sustained ischemia. These findings suggest that the lack of cardioprotection by cercbral
ischemia could be related to the modest rise in myocardial interstitial norepinephrine levels.

Future studies

One of the most interesting remaining questions regarding myocardial stusning is the
molecular mechanism underlying the decrease in Ca®*-responsiveness of the myofilaments. It
has been proposed, based on fn vitro studies, that troponin I proteolysis by proteases such as
calpains, and the consequent alteration in Ca**-troponin C interaction, contribute to the loss of
Ca®'-responsiveness., Future studies, using inhibitors of calpains are required to establish
whether this mechanism contributes to myocardial stunning in vive.

Treatment of contractile dysfunction with positive intropic agents such as B-agonists and
pure phosphodiesterase inhibitors has been limited by the increased mortality as a result of
increased incidence of arrhythmias, which can be ascribed to the effects of an increase in
cAMP. Experimental studies in genetically modified mice suggest that a positive inotropic
intervention that does not modify cAMP and sarcolemmal function can improve left
ventricular contractile fonction without a concommittant increase in mortality (Rockman and
Chien unpublished data). Positive Inofropic intervention that acts via the sarcomplasmic
reticulum (up-regulation of Ca®* ATPase or down-regulation of phospholamban) or the
myofilaments (increasing the Ca® sensitivity) might become useful in the therapy of
contractile dysfunction of the human heart. Gene therapy (i.e. phospholamban knock-out or
SERCA overexpression) is certainly of interest, but still in an early experimental phase, and
further study in transgenic animals is required.

For the treatment of contractile dysfunction, Ca®" sensitizers appear promising, due to
their favorable cardiac energetic effects compared to traditional positive inotropic agents, such
as B-agonists and PDE-inhibitors, However, a concern has been their potentially detrimental
effects on diastolic function, The Ca™ sensitizer EMD 57033 exerted minimal effects on
diastolic function and promising results in animal models of heart failure warrant further
studies in paticats with heart failure,

In this thesis the role of adenosine A; receptor in rats was studied using the non-selective
blocker 8-SPT. Qur data that are suggestive, but not definitive prove of a role for A; receptors
in ischemic preconditioning. The use of novel selective adenosine A; receptor antagonists,
such as MRS 1191, is mandatory to proof the role of adenosine A, receptors in ischemic
preconditioning, In addition, the use of microdialysis will enable us to determine the role of
exaggerated ingreases in interstitial adenosine levels during myocardial ischemia in vivo, in
overcoming the non-selective adenosine receptor blockade as was proposed by Headrick.2s
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The experiments on the effect of cerebral ischemia on the development of myocardial
ischemia, showed that global ischemia could not induce cardioprotection. These experiments
were done in pigs anesthetized with pentobarbital, of which is known to decrease cerebral
blood flow to one-third of cerebral blood flow measured in conscious pigs. To exclude the
influence of the anesthesia on the lack of induction of cardioprotection, these experiments
should be repeated with an anesthetic regoment that has less influence on cerebral blood flow.
The model of global cerebral ischemia used in our study resembles that of brain death. It is
possible that regional cerebral ischemia could induce cardioprotection. For example,
subarachnoidal hemorrhage, of which it is known that it causes myocardial stunning in
patients, could be an interesting regional cerebral model.5.36

Similar to stnning, the exact mechanism of ischemic preconditioning is also not yet
known, and future studies should be directed at unraveling this mechanism. Although there is
consensus that K',1p channels are the end-effector of cardioprotection, there is stili some
debate whether this concerns the mitochondrial or also the sarcolemmal K*4rp channels, This
can now be further studied using mitochondrial and sarcomlenunal selective K'arp channel
openers and blockers, '

Another issue that is often raised with respect to ischemic preconditioning is its clinical
relevance. In recent years, the clinical relevance of ischemic preconditioning, which was
originatly a laboratory observation, has become accepted. Clinical application of the
cardioprotective strategies could include the use of K'sp channel openers, such as nicorandil,
in patients with unstable angina pectoris. A question that needs to be addressed is whether
tolerance to its cardioprotective actions occurs, However, many patients do not experience
unstable angina pectoris prior to a myocardial infarction and treatment can only be given as
part of reperfusion-therapy. Thus, treatment should also be focused on reperfusion injury, with
for example Na™/II* exchange inhibitors, because they can decrease Ca** overload at the onset
of reperfusion, In a recent clinical trial it has been demonstrated that the Na'/H' exchange
inhibitor HOE 642 attenuates reperfusion injury and thereby improve the recovery from left
ventricular dysfunction after myocardial infarction3” In addition, the combination of
percutaneous f{ransluminal angioplasty (PTCA) and a cardioprotective agent, such as
adenosine, has already been successfully applied to primary PTCA 38
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Myocard ischemia

Coronair vaatlijden, één van de meest voorkomende gezondheidsproblemen van deze
tijd, kan uiteindelijk leiden tot myocard ischemie, wanneer de energic voorziening via het
bloed niet voldoet aan de energie behoefie van de hartspier. De uiteindelijke schade als gevolg
van myocard ischemie is athankelijk van de duur en de ernst van de ischemic en varieert van
géén schade, reversibele schade (contractiele dysfunctie), tot irreversibele schade (hartinfarct).
Gedurende de afgelopen 25 jaar hebben zowel experimentele als klinische studies geleid tot
onderscheid van 3 ischemische syndromen: (1) Myocardiale stunning, het vertraagde herstel
van regionale confractiele hartfunctie na volledig herstel van perfusie van het ischemische
hartweefsel, ondanks de afwezigheid van irreversibele schade, (2) Ischemische
preconditionering, het cardioprotectieve effect van korte perioden van ischemie voorafgaand
aan een lange periode van ischemie, en (3) Hibernation, de chronische linker venirikel
dysfunctic in de afezigheid van metabole aanwijzingen voor ischemic door een
zelfbeschermende down-regulatie van de hartspierfunctie en metabolisme om ontwikkeling tot
celdood te voorkomen ondanks chronische hypoperfusie (loofdsiuk 1).

Het doel van dit proefschrift was het bestuderen van een aantal openstaande vragen
betreffende stunning en ischemische preconditionering, In deze studies werd cen in vivo
varkensmodel gebruikt vanwege de uitgebreide mogelijkheden om de regionale
hartspierfunctie te meten. Door de grootte van het hart is het niogelijk om ultrasone kristallen
in gestunned en normaal hartweefsel te plaatsen voor de bepaling van segment lengte
verkorting en druk-segment lengte/oppervlakte relatie. Ook is het mogelijk microdialyse
probes te implanteren voor de continue meting van noradrenaline concentraties tussen de
cellen (interstititle concentraties). Naast deze metingen kunnen ook arteriéle en coronair
veneuze blocdmonsters worden genomen op verschillende tijdstippen gedurende het gehele
experiment, Voor studies naar ischemische preconditionering waarbij vooral de bepaling van
de infarctgrootte belangrijk is en die van de hartspierfunctie niet vereist is, zijn ratten gebruikt,
In studies naar de effecten van ischemie van de hartspier is het belangrijk dat de transmurale
doorbloeding van het hart niet beinvioed wordt door de aanwezigheid van collateralen, Zowel
in varkens als in ratten zifn navwelijks collateralen aanwezig. Hierdoor is er bij een coronair
afsluiting minder variabiliteif in de ernst van ischemie en dus ook minder variabiliteit in de
mate van stinning en infarct ontwikkeling (hoofstuk 2).

Myocardiale stunning

Stunning van de hartspier kan worden behandeld door toediening van positief inotrope
stoffen, Calcium sensitizers zonden voordeliger kunnen zijn dan klassieke positief inotrope
stoffen, omdat zij de contractickracht kunnen verbeteren zonder of met verwaarloosbare
toename in energieverbruik. Echter, een probleem van een toename in de calcium gevoeligheid
kan zijn dat de duur van de contractie wordt verlengd Dif kan leiden tot een vertraging van de
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start van de relaxatie van de ventrikel, hetgeen de vulling van het hart ongunstig kan
beinvioeden, Daarom is in foafdstuk 3 het effect van de calcium sensitizer EMD 60263 op de
relaxatie bestudeerd, De resultaten laten zien dat een lage dosis van deze calcium sensitizer de
contractiele functie volledig kan herstellen zonder nadelige effecten op de relaxatie. Echter, de
relaxatie was wel gedeeltelijk verminderd wanneer de dosis werd verdubbeld. Omdat EMD
60263 geen zuivere calcium sensitizer is, maar ook invioed heeft op de kalium kanalen in de
celmembraan hebben we ook de effecten van de enantiomeer EMD 60264 bestudeerd, Deze
enantiomeer die geen calcium gevoeligheid-verhogende eigenschappen heeft, maar alleen een
effect heeft op de kalium kanalen, liet zien dat de relaxatie vermindering bij de hoge dosering
van EMD 60263 veroorzaakt werd door de calcium gevoeligheid-verhogende eigenschappen,
maar niet door de effecten op de kalium kanalen.

Om problemen met de relaxatie te voorkomen, kan het voordelig zijn een calcium
sensitizer te hebben die zowel calcium gevoeligheid-verhogende als fosfodiesterase-III
remmende eigenschappen heeft. In hoofdstuk 4 hebben we daarom de effecten van EMD
57033 bestudeerd, een stof die geen effect heeft op de kalium kanalen in de celmembraan,
maar naast calcium gevoeligheid-verhogende eigenschappen ook enige fosfodiesterase-111
remmende eigenschappen bezit. EMD 57033 is verschillend van pimobendan en
levosimendan, die beide al gebruikt zijn in klinische studies, in dat de laatstgenoemden meer
uitgesproken fosfodiesterase-1ll remmende eigenschappen hebben dan calcium gevoeligheid-
verhogende eigenschappen, De resultaten laten zien, dat in een jn vive varkensmodel van
regional gestunned hartweefsel EMD 57033 geen negatief effect heeft op globale en regionale
relaxatie zelfs in een dosis die de regionale contracticle functie herstelde tot ver boven
uitgangswaarden, Ont de bijdrage van de fosfodiesterase-lil remmende eigenschappen van
EMD 57033 te bepalen, werden de fosfodiesterase-III remmende effecten geminimalizeerd
door de adrenerge receptoren te blokkeren, Deze blokkade had echter geen invloed op de
effecten van EMD 57033 op gestunned en normaal hartweefsel en dus kunnen de positief
contracticle effecten van BMD 57033 in de dosis gebruikt in deze studie niet worden
toegeschreven aan fosfodiesterase-1II remming.

In een ecerdere studie door ons laboratorium uitgevoerd, werd gesuggereerd dat de
positief inotrope respons op calcium sensitizers in gestunned en normaal harhweefsel
verschillend zou zijn. Deze studie liet zien dat na infusie van EMD 60263 in genarcotiseerde
varkens de toename in systolische segment lengte verkorting groter was in gestunned dan in
normaal hartweefsel. In overeenstemming met deze bevinding hebben we in foofdstuk 3 en 4
gevonden dat de calcium sensitizers de segment lengte verkorting volledig hersielde in
gestunned hartweefsel en maar een kleine foename Het zien in normaal hartweefsel. Regionale
segment lengte verkorting is echler een load-afhankelijke parameler voor regionale
contractiele functie. We hebben daarom ook gebruik gemaakt van de linker ventrikel eind-
systolische druk-segment lengte relatie, analoog aan het concept van de tijdsafhankelijke
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variatie in elastantic, Deze parameter liet zien dat infusie van EMD 57033 dezelfde toename in
eind-systolische elastantie induceerde in zowel gestunned als normaal hartweefsel, Dezelfde
resultaten worden gevonden wanneer dobutamine wordt gebruikt. Deze studies suggereren dat
parameters die niet gecorrigeerd zijn voor load-afhankelijkheid ongeschikt zijn voor de
bepaling van regionale contractiliteit,

Ondanks de aanwijzingen in vitro twijfelen verschillende onderzoekers of calcium
sensitizers hun cardiovasculaire effect in vivo ook uitoefenen door verhoging van de calcium
gevoeligheid. In vivo experimenten hebben laten zien dat infusie van calcium de contractiliteit
kan verhogen, weergegeven door een toensme in de LVdP/dt,.., segment verkorting,
wandverdikking en externe arbeid, Er zijn echter geen studies die hebben aangetoond dat de
calcium respons is toegenomen na toediening van een calcium sensitizer. Bovendien is het in
vivo bewijs voor een afgenomen calcinm gevoeligheid in gestunned hartweefsel nog niet
geleverd. In hoofdstuk 3 hebben we daarom de effecten van EMD 57033 op de respons van
normaal en gestunned hartweefsel op intracoronaire calcium infusies in vivo bestudeerd.
Intracoronair caleium verhoogde zowel de globale als de regionale contractiele functie van
normaal hartweefsel en de respons op calcium was duidelijk toegenomen na toediening van
EMD 57033, Anderzijds was er in gestunned myocard een verlies van de inofrope respons op
calcium, die echter was hersteld na toediening van EMD 57033, Deze in vivo bevindingen
ondersteunen het concept, gebaseerd op in vitro studies, dat EMD 57033 de contracticle
functie doet verhogen via een toename in de calcium respons van de myofilamenten, en dat de
calcium respons van de myofilamenten in gestunned hartweefsel is verminderd.

Ischemische preconditionering

Korte perioden van ischemie voorafgaand aan een langdurige periode van ischemie kan
de infarct ontwikkeling vertragen (ischemische preconditionering). Tevens laten verschillende
studies zien dat een korte periode van ischemie in het naastgelegen hartweefsel of in andere
organen, zoals de nieren en de darmen, ook het hart kunnen beschermen (‘remote’
preconditionering, oftewel bescherming op afstand). Prikkels die niet tot ischemie leiden, zoals
ventrikel pacen, myocardiale stretch of aciivatic van (bijvoorbecld adenosine) receptoren
mogelijk betrokken bij ischemische preconditionering kunnen ook de infarctontwikkeling
vertragen. De bescherming van de harfspier door preconditionering op afstand en niet-
ischemische prikkels is echter minder dan de bescherming via ischemische preconditionering
(hoofistuk 6).

Adenosine als een mediator van ischemische preconditionering

Tijdens ischemie van de hartspier, worden verschillende stoffen, zoals adenosine en
noradrenaline, witgescheiden en hopen op tussen de cellen (interstitivin). Adenosine is een
afbraakprodukt van ATP en wordf via de nuclecside (ransporter i het interstitium
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uitgescheiden, waar het de adenosine A; en A; receptoren op de hartspiercelien en adenosine
A, receptoren in de vaten activeert. De rol van adenosine in het mechanisme dat leidt tot
ischemische preconditionering is in verschillende diersoorten bevestigd, maar in de rat is de rol
van adenosine controversieel omdat in verschiflende studies ischemische preconditionering
niet kon worden geblokkeerd met adenosine receptor blokkers. In de rat zijn interstitiéle
adenosine concentraties tijdens ischemie echter veel hoger dan in andere diersoorten en dus
kan blokkade van de adenosine receptoren in de hiervoorgenoemde studies niet voldoende zijn
geweest. Deze hypothese heeft ertoe geleid dat we in hoofdsiuk 7 de rol van de adenosine
receptoren in ischemische preconditionering in ratten jn vive hebben bestudeerd. De resultaten
laten zien dat de non-selectieve adenosine receptor blocker 8-sulphophenyl theophylline (8-
SPT) ischemische preconditionering dosis afhankelijk kon remmen, met een complete
blokkade van de bescherming na de hoge dosering (50mg/kg). Omdat cardioprotectie
opgewekt door de adenosine A, agonist IB-MECA niet werd beinvioed door de lage dosering
8-SPT, maar gedeeltelijk verminderd was door de hoge dosering 8-SPT, lijkt het dat zowel
adenosine Ay als A, receptoren betrokken zijn bij ischemische preconditionering in de rat.

Noradrenaline als mediator voor ischemische preconditionering

Noradrenaline, tijdens ischemie van de hartspier uitgescheiden door de sympatische
zenuwuiteinden in het hart, is ook betrokken bij het mechanisme van ischemische
preconditionering. Gebruik makend van microdialyse, hebben we in hoofdstuk 8 cerst
bestudeerd wat het uitscheidingsmechanisme van noradrenaline is tijdens ischemie van de
hartspier en wat de effecten van ischemie op de functionele integriteit van de zenuwuiteinden
zijn. De rof van het presynaptische opname kanaal (Uptake 1} werd bestudeerd door de Uptake
1 blokker desipramine te gebruiken. De studie laat zien dat tijdens de eerste 10 minuten van
ischemie noradrenaline selectief wordt uitgescheiden in het ischemische gebied via lokale
exocytose, In tegenstelling fot bevindingen in eerdere studies in ratten, was de opname van
noradrenaline via het uptake 1 mechanisme niet verhoogd. Na 10 minuten ischemie werd
noradrenaline ook uitgescheiden via omkering van het presynaptische wptake 1 mechanisme,
Tijdens reperfusie is de uptake | weer hersteld en zorgt mede voor de klaring van
noradrenaline. Deze resultaten en de bevindingen dat tyramine de uitstoot van noradrenaline
na 60 minuten ischemie kon stimuleren laat zien dat de functionele integriteit van de
zenuwuiteinden nog intact is, op een tijdstip dat een groot deel van de hartspier cellen reeds
irreversible beschadigd is (84% van het risicogebied is afgestorven).

Het effect van noradrenaline uitgescheiden tijdens ischemie op hartspiercellen is nog
steeds een punt van discussie. Hoewel studies hebben aangetoond dat noradrenaline is
betrokken bij ischemische preconditionering zijn er ook studies dic hebben uitgewezen dat
noradrenaling toxisch kan zijn voor het hart en kleine infarcten kan veroorzaken. Van hersen
ischemie is bekend dat het enorme uitstoot van noradrenaline induceert in normaal
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hartweefsel. Daarom hebben we in hoofdstuk 9 de hypothese getest dat uitscheiding van
noradrenaline in het hart als gevolg van hersen ischemie het hart kan beschermen via remote
preconditionering. Globale hersen ischemie, geinduceerd door de intracraniele druk te
verhogen boven de systolische bloeddruk, veroorzaakte cen verdrievoudiging van de
interstitiste noradrenaling concentraties. Hersen ischemie zelf veroorzaakte geen necrose in het
normale hartweefsel, maar kon ook het hart niet beschermen tiidens een daaropvolgende lange
periode van ischemie van de hartspier. Exogene toediening van een lage dosis noradrenaline,
die een vergelijkbare toename in de interstitigle noradrenaline spiegels induceerde als hersen
ischemie, gaf ook geen cardioprotectie. Echier, na toediening van cen hoge dosis
noradrenaline, die de interstitiéle noradrenaline spiegels vertienvoudigde, was de infarct
grootte na 60 minuten ischemie van de hartspier wel kleiner. Aanvullende experimenten
toonden aan dat de cardioprotectie via exogene noradrenaline niet werd veroorzaazkt door
ischemische preconditionering. Hoewel het hartinfarct kleiner was in de experimenten waarin
noradrenaline exogeen werd toegediend was er géén venmindering van de uitstoot van
noradrenaline tijdens de daaropvolgende 60 minuten ischemie. Deze studie suggereert dat
hersen ischemie geen cardioprotectic kon opwekken omdat de interstitile noradrenaline
spiegels in het hart niet hoog genceg kwamen.

Toekomstige studies

Eén van de meest interessante vragen die nog open staat betreffende stunning is het
moleculaire mechanisme dat ten grondslag ligt aan de afname in calcium respons van de
myofilamenten. Er is verondersteld, gebaseerd op in vitro studies, dat troponin I proteolyse
door proteasen zoals calpaine, en de daaropvolgende veranderingen in calcium-troponin C
interactie bijdragen aan het verlies van calcium respons. Studies die gebruik maken van
caicpaine renuners kunnen uitwijzen of dit mechanisme inderdaad bijdraagt aan myocardiale
stunning in vivo.

Behandeling van contractiele dysfunctie met positief inotrope stoffen zoals -agonisten
en pure fosfodiesterase-IIl remmers, is gecontraindiceerd door de verhoogde kans op plotse
dood ten gevolge van een toename van het aantal ventriculaire aritmieen, toegeschreven aan de
verhoogde concentratie cAMP, Studies in genetisch gemodificeerde muizen hebben laten zien
dat een positief inotrope interventie die geen invioed heeft op de cAMP concentratie of op de
functie van het celmembraan, confractiele functie van de linker ventrikel kan verbeteren
zonder een toename in sterfte, Positief inolrope interventic die via het sarcoplasmatische
reticufum (up-regulatic van Ca® ATPase of down-regulatie van phospholamban) of de
myofilamenten (toename van de calcium gevoeligheid) werkt, kan belangrijk zijn in de
behandeling van contractiele dysfunctie van het humane hart. Gentherapie (bijv.
phospholamban knock-out of SERCA overexpressie) is zeker interessant, maar nog steeds in
de experimentele fase,
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Voor de behandeling van contractiele dysfunctie lijken calcium sensitizers een
veelbelovende groep positief inotropica, vanwege het gunstige energie verbruik van het hart in
vergelijking met traditionele positief inoirope stoffen, zoals B—agonisten en fosfodiesterase-IIT
remmers. Een belangrijk probleem kan echter het effect op de linker ventrikel relaxatic zijn.
EMD 57033 heeft minimale effecten op de relaxatic en de veelbelovende resultaten in
diermodellen van hartfalen (ventrikel pacen en haitinfarct) kunnen aanleiding zijn tot het
witvoeren van studies in patienten met hartfalen,

In dit proefschrift is de rol van adenosine A; en A, in ischemische preconditionering in
de rat bestudeerd door gebruik van de non-selectieve adenosine receptor blokker 8-SPT. Onze
data zijn echter suggesticf omdat we door gebruik te maken van non-selectieve blockers geen
direct bewijs hebben geleverd. Het gebruik van nieuwe selectieve adenosine Aj; receptor
blokkers, zoals MRS 1191, is nodig om de rol van adenosine Aj receptor in ischemische
preconditionering aan te tonen. Daarnaast zal het gebruik van microdialyse het mogelijk
maken om de rol te bepalen van de enorme toename in interstitiéle adenosine concentraties
tijdens myocard ischemie die de non-selectieve adenosine blokkade doorbreken, zoals in
eerdere studies.

De studies naar de effecten van hersen ischemie op de ontwikkeling van het hartinfarct in
dit proefschrift lLiet zien dat globale ischemie geen cardioprotectic opwekte. Deze
experimenten zijn uitgevoerd in varkens genarcotiseerd met pentobarbital, waardoor de
bloeddoorstroming van de hersenen maar 30% was vergeleken met wakkere varkens. Om de
invloed van het narcose middel op het onvermogen em cardioprotectie op te wekken uit te
sluiten, zouden deze experimenten herhaald moeten worden in varkens met een narcose middel
dat minder effect heeft op de bloeddoorstroming van de hersenen. Het in onze studie gebruikte
model van globale hersen ischemie, komt overeen met ¢en model voor hersendood. Het is
echter heel goed mogelijk dat een model van regionale hersen ischemie we! cardioprotectic
zou opwekken. Ben voorbeeld van regionale hersen ischemie zou een model met
subarachnoidale bloedingen kunnen zijn. Van subarachnoidale bloedingen is bekend dat het
stunning in patienten kan veroorzaken en dus misschien ook wel cardioprotectie,

Evenals bij stunning is ook het exacte mechanisme van ischemische preconditionering
nog niet bekend en in de toekomst zouden studies zich moeten richten op het ontrafelen van dit
mechanisme, Hoewel het algemeen geaccepteerd is dat ATP gevoelige kalium kanalen de
eind-effector zijn van ischemische preconditionering, is er nog steeds de vraag of dit de
mitochondriale dan wel de sarcolemmale kalium kanalen betreft. Dit zou nu verder onderzocht
kunnen worden met behulp van selectieve openers en blokkers van mitochondriale en
sarcolemmale kalium kanalen.

Een ander betangrijk punt dat vaak naar voren wordt gebracht met betrekking tot
ischemische preconditionering is de klinische relevantie, In de afgelopen jaren is de klinische
relevantie van ischemische preconditionering, dat oorspronkelijk een laboratorium bevinding
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was, algemeen geaccepteerd. Klinische tocpassing van cardioprotectieve strategieén zouden
het gebruik van ATP gevoelige kalium kanaal openers, zoals nicorandil, in patienten niet
instabiele angina pectoris kunnen inhouden. Een vraag die dan opkomt is of patienten
tolerantie tegen de cardioprotectieve effecten van deze stoffen zouden ontwikkelen. Echter
veel patienten hebben last van instabiele angina pectoris voordat het harfinfarct ontstaat en
behandeling kan alleen gegeven worden als onderdeel van de reperfusie therapie. Dus
behandeling zou ook gericht moeten zijn op beperking van de reperfusie schade, zoals door
natrium-waterstof exchange remmers die de caloium overload verminderen bij aanvang van de
reperfusie. Fen recente klinische studie heeft laten zien dat de natrium-waterstof exchange
remmer HOE 642 de reperfusic schade vermindert en daarmee het herstel van de linker
venirikel dysfunctie na een hartinfarct verbetert, De combinatie van percutane transluminale
angioplastie (PTCA, “dotteren”™} en een cardioprotectieve stof zoals adenosine wordt inmiddels
succesvol toegepast bij primaire PTCA.
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