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General Infroduction

GENERAL INTRODUCTION

Already in ancient times the Greek were aware of the heart in the human body and they gave
it the name kardia, which is still in use in words as cardiac, myocardial, tachycardia and
bradycardia. In those times the importance of the heart was appraised by Aristotle (384-322
B.C.}, who thought that the heart was the seat of the soul and centre of man. In 1628,
however, the basis of the modern concepts of the circulation was laid by Harvey (1578-1657)
who described the function of two ventiicles of the heart and the whole-body blood
circulation, and who gave the first description of heart failure (Harvey, 1628).

Nowadays, it is known that the function of the systemic circulation is to deliver blood fo
all organs of the body in order to provide them with sufficient supply of oxygen and metabolic
substrates. The blood supply to the organs is accomplished primarily by the pump function
of the heart. The rhythmic contractions of the heart underlying this pumping action are elicited
by the electrical signals raised by the specialized cells of the atrium. Thus, the initiation of
contraction is dictated by the cellular organization, subsequently leading to the complex
process fermed excitation-contraction coupling occurring within cardiomyocytes. It are the
phasic inward and outward movements of Ca?" across the sarcolemma (SL) and the
sarcoplasmic reticulum (SR) and the phasic on and off interactions of Ca®" with the troponin
C component of the sarcomeres that determine the operation of the contraction-relaxation
cycle. Various regulatory mechanisms control these Ca®* movements and interactions,
processes which oceur all within the confines of the cell membranes of the cardiomyocytes.

The structure and functioning of the heart and its muscle cells

Structure

The rhythmic contractions of the hean, required to regularly pump the blood through the
vessels, are dictated by the composition of the heart. The main part of the heart tissue {about
75 % on a volume basis) is made up of cardiomyocytes, which are held {ogether by a
collagen weave. The myocytes are interconnected by highly specialized parts of their
surrounding membrane, termed the intercalated discs. These provide an interceliutar linkage
for the transfer of mechanical energy, for the functional contacts, as well as for the low-
resistance electrical coupling to propagate electrical activity between adjacent heart muscle
cells. The latter characteristic makes the myocardial muscle fibers different from other types
of striated muscle. Other regions of the heart contain pacemaker and conducting cells, that
respectively generate and propagate the heart's electrical activity. Furthermore, a rich
capillary network and nonmyelinated nerves are present for respectively blood supply and
autonomous sympathetic regulation.

The cardiac myocytes are surrounded by the SL which invaginates into the celi to form an
extended tubular network, called T-tubules (Fig.1). This network is an extensfon of the
extracellular space into the cellular interior and is closely coupled to the cell's SR membrane,
which consists of an intracellular complex network of tubules. The exact nature and function
of the coupling of these two membrane systems is still a matter of debate. Generally, the SR
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Figure 1 Schematic representation of the ion movements in the cardiornyocyte during contraction. A:
processes proceeding in the resting cardiomyocyte; B: processes proceeding in the early contraction,
before the rise of cytosolic Ca?* ([Ca'}); C: processes associated with the rise in {Ca®"]; thereby
generating the relative displacemant of the actin and myosin filaments; D: processes associated with
a fall of [Caz“]i and relaxation. SR, sarcoplasmic reticulum. (Adapted from Bairy and Bridge, 1993).
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serves as a local intracellular Ca®'-pool which plays a critical role in the excitation-contraction
coupling of the muscle (Thomas ef al,, 1992). The vollage-operated Ca**-selective channels
in the SL, which, upon depolarization from the resting membrane potential, are
conformationally changed to enable Ca®* entry, reside in the T-tubular parts near the terminal
cisternae of the SR, in which the ryanodine-sensitive Ca®* release channels reside. Ca®" jons
entering through the Ca?* channels of the SL initiate the release of Ca®* jons from the SR
through the Ca®' refease channels, a process termed Ca®" induced Ca®* release (Berridge,
1993; Clapham, 1995).

Besides T-tubules, SR and nuclei (often more than one), the cardiomyocytes contain
parailel running bundles of structures, which are the myofifaments. These structures consist
of serially repeated unils {sarcomers) which are responsible for contractile activity. The
cardiomyocytes are also rich of mitochondria, which are located near the myofilaments. In
the mitochondria the oxidative phosphorylation takes place, resuifing in the production of
ATP, which is the fuef for the contraclile activity of the myofilaments (Opie, 1991; Braunwald,
1992).

Electrical activity

Contration is triggered by the electrical activity of the heart, which is generated in the
pacemaker cells localized in the sinoatrial node, and is subsequently propagated via the atial
tissue to the atrioventricular node, His bundle, left and right bundle branches and the Purkinje
fibers. The frequency of the pacemaker discharges determines the heart rate, and the
autonomic nervous system can modulate this discharge rate. Under conditions of exercise
or stress, the sympathetic nervous system increases heart rate by the release of adrenergic
hormones, epinephrine from the adrenals and norepinephrine from the nerve endings. These
hormones act on the adrenergic receptors on the membranes of the pacemaker cells. At
resting condition, when the activity of the parasympathetic system predominates, an inhibitory
cholinergic substance, acetylcholine, is released which acts as a neuromodulator on the
release of norepinephrine from the nerve endings, thereby attenuating heart rate (Opie,
1992).

Excitation-contraction coupling, relaxation and its modulation by neurochumoralfactors
Myocardial contraciion and relaxation is controlled by the process of excitation-contracfion
coupling. The contractile apparatus in the myocytes is composed of myosin and actin
filaments. The latter coniain also troponin-tropomyosin-complexes which regulate the
formation and dissociation of crossbridges between the actin and myosin filaments. Upon
formation of the crossbridges, actin moves relative to myosin, thereby generating force
(Nayler, 1980). The action of the tropcnin-tropomyosin-complex is dependent upon the
binding of Ca®* to the troponin C component of the troponin complex. The elestrical excitation
wave causes the SL membrane potential of the myocyles to depolarize slightly, which
consequently induces the opening of the voltage-gated Na* and Ca®* channels and the
reversed operation of the Na*/Ca®" exchanger (Lamers ef al., 1981) (Na* out, Ca®* in) in the
SL and leads to full depolarization {Fig. 1A}. These smail amounts of Ca®* that cross the
sarcolemima via the Ca®" channels and the Na*/Ca?®* exchanger (Fig. 1B) induce a much
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larger release of Ca®’ ions from the SR {(Barry and Bridge, 1993; Philipson, 1992) (Fig. 1C).
The elevated free Ca®* concentration in the cytosol stops the inhibitory action of the troponin-
tropomyosin-complex on the actin-myosin binding, resulting in the formation of crossbridges.
Subsequently, the voltage-gated Ca?* channels start to close, and Ca®* is removed from the
myofilaments to initiate muscle relaxation and the 5L membrane repolarizes by the reopening
of the K* channels. The required fowering of the free Ca®" concentration in the cylosol to
resting values is accomplished by reuptake of Ca*" ions into the SR via the operation of the
SR Ca®* pump and by extrusion of Ca®* ions through the action of the Na*/Ca®* exchanger
(Na® in, Ca?* out) and the Ca?®* pump of the SL (Fig. 1D) (Barry and Bridge, 1893).

The processes of excitation-contraction coupling and subsequent relaxation can be
modulated by various neurchumoral factors such as catecholamines, endothelin, angiotensin
Il and acetylcholine. The interaction of these neurohumoral factors with their specific
receptors on the SL leads to activation of intracellular signalling cascade reactions of which
the ultimate effects are the modulation of diastolic or systolic free Ca* levels or the
modulation of the interactions of Ca?" with the myofilaments. Additionally, the levels of
cytosolic free Ca®* can alter the activity of enzymes infimately involved in the signalling
pathways (e.g. phospholipases C and A, protein kinase C-isoenzymes}. Therefore, in the
cardiomyocytes Ca?* does not only critically determine the course of excitation-contraction
coupling and refaxation processes, but has also an important function as second messenger
in neurchumoral factor-induced celf signalling (Gruver ef al., 1982; McDonough ef al., 1994;
Van Heugten ef al., 1994; Zhang ef al., 1993).

Heart disease and failure

Heart failure, i.e. dysfunction of the heart as a pump, has its origin in several primary heart

diseases. Basically there are two mechanisms for heart failure:

A} Myocardial dysfunction caused by acule ischemia (ischemic heart disease),
inflammatory  origin  {myocarditisy or ‘unknown ({often hereditary) factors
{cardiomyopathy).

B) Mpyocardial dysfunction due to chronic exposure of the heart to pressure or volume
overload,

Myocardial dysfunction due to acute ischemia, inflammation or cardiomyopathy

Ischemic heart disease comprises a nuimber of clinical syndromes, e.g. angina pectoris, acute
myocardial infarction, chronic post-ischemic heart failure and sudden ischemic cardiac death,
which are mostly defermined by a chronic history of atherosclerosis. Atherosclerotic lesions
can be experimentally induced by various stimull, ranging from high lipid diets to
immunological reactions. Formation of atherosclerofic lesions is found to be associated in
humans with the occurrence of thrombotic events, hypertension and high levels of serum
cholesterol. The lesions induce the remodelling of the arterial wall, which leads to the
reduction of the lumen and the impairment of the blood flow. While generally the ischemic
heart develops in the presence of a chronic atherosclerotic background, the actual trigger of
acute ischemia may be a sudden excessive increase in myocardial demand in the presence
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of a flow-limiting coronary stenosis, or a thrombotic occlusion at the site of a coronary
stenosis, The cardiac response to ischemic stimuli manifests clinically with angina pectoris,
myocardial necrosis, acute cardiac failure followed by morphological adaptation, and cardiac
arthythmias (Maseri, 1985; Braunwaid, 1992), For example, cardiac arrhythmias, a general
term used for abnormalities in the heart's electrical activity, often have an ischemic origin.
Ventricular arrhythmias are mostly based on the existence of an infarcted or ischemic zone
responsible for automalicity, reentry (due to focal conduction block and stow conduction) and
triggered activity.

Acute myocardial ischemia develops if a reduction of coronary flow impairs the supply of
oxygen and substrates to the myocardium to a level that is inadequate to meet the oxygen
and substrate demands of the fissue. Then, the oxidative metabolism of fatty acids, hormally
the main source of ATP of the cardiomyocytes, becomes severely disturbed. The oxygen
shortage will diminish the aclivities of mitochondrial g-oxidation, tricarboxylic acid cycle and
respiratory chain, and will increase the rate of anaerobic glycolysis. These alterations in
energy metabolism rasult in the accumulation of free fatty acids, and of metabolites such as
lactate, acyl-CoA, acyl-camitine (Van der Vusse ef al, 1992) and of protons. High
concentrations of some of these metabolites are harmful: acyl-CoA inhibits mitochondrial
ATPIADP translocase and acyl-carnitine inhibits the SL Na'/K" pump and has a membrane
disruptive action (Lamers ef af., 1995). The concomitant reduction in the rate of phospholipid
resynthesis andfor the accelerated hydrolysis of membrane phospholipids is also belisved to
play a role in the ischemia-induced damage of the SL membrane, which may lead to
ventricular arrhylhmias and cell necrosis (Opie, 1991; Van der Vusse ef al, 1992).
Particularly, the accumulation of membrane-active lysophosphoglycerides is thought to be
potentially arrhythmogenic (Corr ef al., 1979 and 1982).

Apart from the membrane damage caused by accumulation of free fatly acids, acyl-CoA,
acyl-carnitine and lysophosphogiycerides, the other current theories to explain the
development of irreversible cell damage during ischemia are: 1) mechanically induced
membrane damage by abnormalities in cell volume regulation leading to intracellular edema,
2) the depletion of cellular ATP to critical levels, leading to rigor complexes and contracture,
3) the formation of oxygen free radicals which are highly toxic, and 4) the development of
intracellular Ca®* overtoad. Particularly, the loss of Ca®" homeostasis, considered to be a
major cause of cell damage, is initiated by the impaired rate of active Ca®* removal from the
cytosol due to the lack of ATP. This leads secondarily to furdher ATP depletion as a
consequence of the increased ATP required by the mitochondria to buffer cytosclic Ca®*. This
all leads to inadequate maintenance of the ionic gradients, resulting in foss of the membrane
integrity. Furthermore, the massive cytosolic Ca®* accumulation activates phospholipases C-8
(PLC-B) and A, (PLA,), which raise the levels of lysophosphoglycerides and thereby provoke
fatal arrhylhmias (Opie, 1991).

Other heart diseases which are distinct from ischemic heart disease in their origin, may
lead to impaired pump function as well. Myocarditis has been described during and following
a wide variety of viral, bacterial, and protozoal diseases, but virtually any infectious agent
may produce cardiac inflammation, which could precipitate cardiac dysfunction.

Cardiomyopathy confines a group of diseases of unknown etiology, in which the dominant
feature is the involvement of the heart muscle itself. Characteristic for this group is that they
are not the result of ischemic, hypertensive, congenital, valvular, or pericardial diseases

6
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{Braunwaid, 1982). Cardiomyopathy as well as cardiac inflammation, lead to impairment of
heart function and may induce, like ischemic heart disease, the scala of morphological and
metabolic adaptation processes which are described below.

Myocardial dysfunction due to chronic expostre to pressure- and volume overload
Chronic pressure overload of the peart occurs, for instance, in response to aortic stenosis or
sustained severe hypertension, when left ventricular sysfolic pressure must increase to
overcome the resistance to the ejection of the biood. Acutely, the heart will adapt to this
situation by recruitment of inotropy using the Frank-Starling mechanism, which results in a
higher rate of systolic pressure development in the left ventricle. However, due to left
ventricular dilatation, wall stress is greally increased, which makes the left ventrdcle
vulnerable to failure. In later stages, the ventricular wall adapts by becoming thicker {cardiac
hypertrophy) with or without left ventricufar dilatation. Even the compensated form of cardiac
adaptation to pressure overload may change chronically info left ventricular difatation and
heart failure (Opie, 1991). The mechanisms underlying these changes will be discussed in
the next section of this chapter.

The initial event in chronic volume overload is, for instance, regurgitation of either the
mitral valve or the aortic valve, a ventricutar septum defect or infarction. Per heart stroke a
greater volume of blood must be dealt with, which is the basis for the volume overload. The
heart will attempt to compensate for the defect by increasing the chamber size without
increase of the wall thickness. This must lead fo a rise in wall tension, higher oxygen
demands and, uitimately, heart fallure,

Three stages in the reaction to chronic pressure or volume overload can be observed: 1)
the initial hemodynamic load, which induces hypertrophy, 2) hypertrophy of the heart which
compensates for the increased workloadfcardiac mass ratio, and 3) a period in which stroke
work per unit of cardiac mass decreases due to progressive impairment of the heart to fill
normally and to generate force, a condition generally referred to as heart failure (Opie, 1991;
Maseri, 1995).

Hypertrophy and heart failure

As discussed before, in response to chronic hemodynamic overioad due to infarcfion, valvular
insufficiency, hypertension, septal defect or cardiomyopathy, the heart {or 2 part of the hearf)
undergoes various adaptations. Those adaptaticns include changes in the shape and
structure of the ventricles due to growth of the myocyles and due to changes in the
metabolism of cardiomyocytes and nonmyocytes in the heart {Anversa el al., 1986; Weber
ef al,, 1992 and 1994). The process of adaptation is characterized by an increase in the size
and the phenotype of the cardiomyocytes and the simultaneous proliferation of nonmyocytes
of the heart (Vliegen et al., 1891). The proliferation and phenotypic changes of nonmyocytes,
such as fibroblasts, vascular smooth muscle cells and endothelial cells and extraceliular
matrix formation, all take part in the remodelling’ of the myocardium. Myocardial remodeliing
has detrimental effects on the mechanical properties of the heart such as increase in
myocardial stiffness (Doering ef al., 1988; Katz, 1990; Weber &f al,, 1992 and 1994),
However, the major anatomic changes in the hypertrophic myocardium are brought about by
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the increase of the size of the cardiomyocytes. An important characteristic of myocytes Is
that, shorfly after birth, they loose their ability to divide (Zak, 1974; Ueno ef al., 1988).
Consequently, if the number of functional myocytes is diminished by, for instance infarction,
an excessive burden is put on the remaining viable myocytes. The latter will respond to this
situation by an increase in their diameter and/or length, depending upon the extent, nature,
and the duration of the workload {Anversa ef al., 1986 and 1990}. In addition to the increase
in size of the cardiomyocytes, other characteristic events occur such as reexpression of
certain fetal isoproteins {Clark ef al., 1993). Although the newly synthesized contractile
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Figure 2 Schematic representation of the adaptive responses of the circulation and heart in the
downward spiral of heart failure (adapted from Katz, 1890).

proteins possess a lower rate of Ca®'-stimulated ATPase and thus are energy-sparing, the
increased mass of contractile protein requires more ATP for its function, The Increased
consumption of energy by a larger confractile apparatus is not parailelled by an adequate
increase in the number of mitochondria, which further exacerbates the energy deficit.
Moreover, the supply of metabolic substrates and oxygen appears not optimal as the growth
of the myocytes is not accompanied by a corresponding growth of the coronary capiltaries
{Katz, 1990). Especially in the subendocardial layers of the hyperrophic left ventricle the
myocardial perfusion reserve is rapidly exhausted, leading to subendocardial ischemia during
exercise (Hiltinger ef al., 1990 and 1991, Vatner ef al,, 1990).

Energy deprivation of the hyperirophied cardiomyocytes will also disturb the energy
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demanding processes (e.g. SL and SR Ca® pump and SL Na*/Ca®* exchanger) leading to
impairment of Ca?* homeostasis (Bing ef al, 1991; Gwathmey ef al, 1987). Subsequently,
left ventricular contraction and relaxation become compromised. Depressed contraclility of
the failing heart reduces the need for energy and is compensatory in terms of the energetics
of individual myocardial cells. However, the ensuing left ventricular dilatation is harmful, and
limits the reserve capacity of the heart during exercise.

Cardiac hypertrophy leading to impaired cardiac performance has, when sustained,
detrimerttal long-term effects on the heart and the circulation, and thereby accelerates the
spiral downwards leading to end-stage heart failure. The adjusiments of the heart function
and the peripheral circulation are initiated by increased formation of {neurc)humorat factors,
such as those derived from the heart itse!f (ANF) and from the sympathetic system, the renin-
angiotensin system and the endothelium. These neurchumoral factors by binding to their
specific receptors in cells of the cardiovascular system, induce intracellular signalling cascade
processes such as phosphatidylinositol (Pidins)-cycle and adenylate cyclase mediated
reactions. The left part of Figure 2 depicts the activation of the Ptdins-cycle in the vascutar
smooth muscle celis by neurohumoral stimuiafion. Neurchumoral stimulation is responsible
for vasoconstriction, which is detrimental as it increases afterioad further, leading to less
cardiac output and higher energy demands of the failing heart (Katz, 1990). The right part of
Figure 2 shows the second messenger responses (cyclic adenosine 3'5'-monophosphate
(cAMP}, 1,2-diacylglycerol (DAG) and inositoltrisphosphate (InsP,)) elicited by neurchumoral
stimulation of cardiomyocytes and likely responsible for the development of intraceliular Ca*
overload which can produce irreversible damages to the myocyte (Katz, 1990; Brown and
Martinson, 1992; Endoh and Blinks, 1988).

Modulation of heart function: contractility by catecholamines and endothelin

In the normal heart the contractility is regulated by the sympathelic nervous system, which
exerts its effects by the release of adrenaline and noradrenaline. These agonists act on the
a- and B-adrenergic receptors to produce increases in force of contraction {positive inotropy),
in the frequency of contraction {positive chronotropy) and acceleration of the relaxation and
hence shortening of the duration of contraction (lusitropy) (Scholz et al., 1986).

B-Adrenergic recepfors

The G-protein-coupled receptors involved in regulation of cardiac contractility are
predominantly receptors of the B-adrenergic type, which, upon stimulation, lead fo the
elevation of cAMP levels via the activation of adenylate cyclase (Endoh and Blinks, 1988;
Brodde af al., 1992). Accumulated cAMP, on its turn, will activate cAMP-dependent protein
kinase, which induces phosphorylation of specific proteins in the SL, SR, and myofitaments.
Duse to phosphorylation of the Ca®*-channei and the phospholamban component of the Ca®'-
ATPase in SR, Ca®" transients have become larger. Thus, stimulation of the g-adrenergic
receptor leads to a higher conductance of the voliage-gated slow Ca®* channels, an
accelerated Ca®* reuptake through the SR, and a weakened Ca?* binding to troponin C in the
myofilaments. The end result of these altered intracellular Ca®* handiing reactions is
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increased force of contraction associated with accelerated relaxation and shortening of
contraction duration (Endoh and Blinks, 1988; Tsien, 1977; Demaille ef al., 1983). Therefore,
at present, the intracellular signal transduction via adenylate cyclase seems well
characterized. In the failing heart the density of g-adrenergic receptors is decreased,
presumably as an adaptive response to the increased activity of the sympathetic nervous
system during heart fallure (Michel ef af., 1992). This loss of receptors can be seen as one
of the phenotypic changes characteristic of the failing heart. Other reports deal with changess
in the contents of G, and G, proteins in the failing heart (Brodde and Michel, 1992; Brodde
ef al., 1985).

a-Adrenergic receptors

Besides the f-adrenergic receptor system, which causes a positive inofropic effect mediated
by the adenylate cyclase pathway, the a-adrenergic receptor system in the heart may cause
positive inotropic effects mediated by the Pldins pathway.

The involvement of a-adrenergic receplors in the increase in contractility by
catecholamines in rat ventricular strips was reported for the first time by Wenzel and Su in
1966, and was confirmed later by Govier who described an a-adrenergically mediated
positive inotropic effect in guinea pig atria and ventricle (Wenzel and Su, 1966; Govier, 1967;
Terzic ef al., 1993). Adrenergic receptors which mediate the positive inotropic response in
heart are of the subclass a, (Bristow, of al., 1988; Terzic ef al., 1893). In comparison to the
B-adrenergic effect, the a,-adrenergically mediated positive inotropy develops relafively stow,
and is accompanied by lengthening instead of shortening of the duration of the contraction
{Scholz ef al., 1986; Terzic ef al., 1993; Fedida, 1993). Furthermore, in contrast to the -
adrenergic effect, the signals, produced by activation of a,-adrenergic G-protein-coupled
receptors, are mediated by phospholipase C-g8 (PLC-8), which hydrolyses
phosphatidylinositol-(4,5)-bisphosphate (Pldins(4,5)P,) into ins(1,4,5)P; and 1,2-DAG {Bradde
et al., 1992; Terzic et af, 1993). Stimulation of myocardial a-adrenergic receptors in the
normal heart does not lead to a pronounced increase in heart rate, and the number of a-
adrenergic receptors in the nonfaiting human heart is rather small {Bristow ef al., 1988;
Brodde ef al., 1892; Michel et al., 1990). In contrast to the multiple reports on the decrease
in the number of g-receplors, experimental reports on changes of the a,-receptor density in
the failing heart are controversial, varying from slightly increased (Bristow ef al., 1990 and
1988; Scholz ef &/, 1986) to unchanged (Bristow el al., 1990; Miche! et af., 1993,) and even
to decreased density (Michel ef af.,, 1990). These controversial findings, In combination with
the fact that a relatively small amount of a;-adrenergic receptors is present in the human
heart, indicate that the contribution to the positive inotropy of the «;-adrenergic receptor may
be minor (Bristow ef al., 1988; Brown ef al., 1994). it should, however, be noticed that one
of the early reports on a,-adrenergic receptors supposed that these represent a reserve
mechanism serving under conditions of impaired #-adrenergic receptor-mediated responses
(Scholz et al., 1986). According to the conclusions of this latter review, stimulation of a,-
adrenergic receptors under physiological or pathological conditions could regulate the cardiac
rhythm, conduction and force of contraction. Perhaps too much attention has been paid to
the number of a,- relative to 8;-adrenergic receptors, because it should be kept in mind that
the a-adrenergic signalling pathway supplies second messengers that are distinct from that
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of the g-adrenergic pathway. Therefore, more information is required concerning the change
of activities of the G-protein-coupled PLC-g signalling system under various pathological
conditions. For example, changes in G, content of the hypertrophic failing heart have not
been studied so far.

Endothelin

The force of contraction of the heart under normal physiological conditions has for a long time
been assumed to be mainly dependent upon the degree of activation of the sympathetic
nervous system. Cardiac contractility may, however, also directly or indirectly be affected by
factors released by the coronary endothelium. The balanced release of vasodilator and
vasoconsirictor agenis from the endothelium of the large coronary arteries regulate coronary
blood flow and, thereby, cardiac contractile function (Krdmer ef al., 1992). More recently,
paracrine factors, mostly derived from the microvascular endothelium, have been recognized
o be involved in the direct modification of cardiac force by their positive inotropic action. One
of these is a 21-amino acid vasoconstiictor peptide, called endothelin (ET), originally isolated
and characterized from the supernatant of cultured porcine aortic endothelial cells
(Yanagisawa ef al., 1988). ET has been found {o mediate a potent positive inofropic effect
in the mammalian heart (Kramer ef al., 1997 and 1992; Nayler, 1990; Ishikawa ef al., 1988).
At least three members in the ET family have been recognized, encoded by three distinct
genes, however only ET-1 was found to be expressed in vascular endothelial cells and in
intact heart (Krdmer of af., 1992; Sakurai and Goto, 1993; lto et al., 1993; Yorikane ef al.,
1994). ET-1 binds to the cardiac endothelin receptor ET, with an afflnity that is 100 times
higher than its family member ET-3 (Sakurai and Goto, 1993; Vogelsang ef al., 1994),
although this affinity might be specles dependent (Nayler, 1880). The ET, receptor was
shown to be coupled to PLC-g activity (Prasad, 1891) by a pertussis toxin insensitive G-
pretein (Neer and Clapham, 1992). When examining the contractile response of isolated rat
atria upon stimulation with ET-1, an elevation of inositolphosphates (InsP, InsP,, and InsP,)
was observed (Vigne ef al., 1989). Similarly, ET-1 mediated enhanced levels of Ins{1,4,5)P,
as weil as 1,2-DAG, the other putalive messengers resulting from phospholipase C-8
catalyzed hydrolysis of Ptdins(4,5)P,, were found in isolated perfused rat hearts {Prasad,
1881). More recently, also in human atrium activation of ET, receptors resulted in an
elevation of inositolphosphates (Sugden ef al,, 1993). However, coupling of the ET, receptor
to other effector systems such as adenylate cyclase and the voltage-operated Ca®* channel
was observed as well (Kelly ef al,, 1990; Vogelsang ef af., 1994; Lischer and Wenzel, 1995),
Although at present litlle is known about the factors that regulate the expression of the
endothelins and their receptors in cardiac tissue in vive, experiments in rat heart models have
shown that the number of £T, receptors had increased during workload (Brown ef al., 1995).

Induction of myocardial hypertrophy: possible role of norepinephrine and endothelin
Hormone-induced cardiac hypertrophy, including the characteristic changes in phenotype, are

considered to be the primary resuit of a;-adrenergic receptor stimulation (Clark et af,, 1993,
Simpson and McGrath, 1983; Simpson 1988}, This could suggest that a,-adrenergic receptors
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play a key role in the mechanism of development of cardiac hypertrophy.

The possible involvement of a;-adrenergic receptors in the process of cardiac hyperrophy
has been supported by results obtained in cultured neonatal and adult rat cardiomyocyies
(Clark et al., 1993; Simpson, 1983 and 1988). Also in vivo studies support the implication of
catecholamines in the pathogenesis of left ventricular hypertrophy. In dogs, chronic infusion
of subhypertensive doses of norepinephrine resuits in left ventricular hypertrophy (Laks ef al.,
1969; Rossi ef al., 1985; Long ef al,, 1991). Moreover, an increase in sympathetic activity of
the heart, detected on the basis of electrophysiclogical signs or by measurement of the rate
of noradrenatine furnover, was observed in several types of experimental hyperrophy and
in hypertensive patients (Ostman-Smith, 1981; Timaraco et al, 1985). Particularly, a;-
adrenergic receptors were shown to be involved in the mechanism of hyperfrophy in
hypertensive patients as the treatment with the a,-adrenergic antagonist prazosine led to a
progressive decrease in left ventricular mass in the first 12 months (Leenen et al,, 1987).

An important role of ET in the pathophysiolegy of hypertrophy and heart failure is
supported by reports of elevation of ET-1 levels in plasma of humans and certain
experimental animal models (dogs) of heart failure (Margulies ef al., 1990), although in other
studies on hypertensive patients plasma levels of ET-1 were found to be normal (Lilscher af
al., 1998). It should, however, be noticed that plasma levels of ET-1 are only indicative for
an increased local formation, because the reported plasma levels (107-1072 M(increased
or not increased) are always far below the concentrations required for recepfor activation.
Moreover, the mechanisms of stimulation of paracrine and autocrine release of ET-1 in
relation to other systems involved in hypertrophy are still unclear. 1t is suggested that ET-1
is commiited to the renin-angiotensin system (RAS), and therefore participates in the
development of hypertrophy and heart failure. The mechanism of the involvement of ET-1 in
RAS awaits further investigation. In the RAS, the vasoconstrictory effects mediated by ET-1
may be beneficial in the eatly stages of heart failure by augmenting cardiac preload through
venoconstriction and Na® retention and by increasing the vascular resistance to maintain
perfusion pressure (Weber ef al., 1992}, On the other hand, angiotensin Il may be invelved
in de novo synthesis and release of ET-1 as shown in cultured neonatal rat cardiomyocytes
(lto ef al, 1993). A polential role of paracrine andfor autocrine release of ET-1 was
suggested in the mechanism of angiotensin ll-induced hypertrophy of the neonatal
cardiomyocytes (lto ef al., 1993},

The involvement of ET-1 in the induction of hypertrophy was also siudied using
experimental rat models. For example, pressure overload of the heart was generated by
banding of the abdominal aorta of the rats, which resulted in hypertrophy of the left ventricle.
The expression of prepro ET-1 mRNA in the left ventricle was significantly higher than in the
left ventricle of sham-operated rats or the right ventricle (Yorikane ef af., 1993 and 1994, Ito
et al., 1994). In agreement with the latter finding, the ventricular ET-1 levels of pressure
overloaded rat hearts were elevated in parallel with an ingreased densily of ET-1 binding
sites in the left ventricle (Aral ef al., 1995). The plasma levels of ET-1 were shown to be
elevated in these aoria banded rats as well, but when the suprarenal abdominal aorta was
clipped, which was used to increase the load fo the myocardium, these ET-1 levels where
found to be only transiently elevated (within 30 min) (Yorikane ef al., 1994; lto of al., 1994;
Arai et al., 1995). Induction of hypertrophy by aortic banding in rats could also be bfocked by
the specific ET, receptor antagonist BQ 123 in aorta banded rats {Ito ef al., 1994). In a rat
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model of chronic volume overload of the left ventricle induced hy an aortovenocaval fistula,
the levels of ET, receptors and ET-1 mRNA were found to be Increased in the hyperirophied
ventricles, in parallel to an increase of ET-1 levels in the plasma. However, no change in
['"®J-ET-1 binding sites could be observed (Brown ef al, 1996). That ET-1 and the ET,
receptor are alsoinvolved in the development of hypoxia-induced right ventricular hypertrophy
was demonstrated in a rat model with pulmonary hypertension, using the ET, specific blocker
BQ 123 (Bonvallet &f al., 1994).

Role of phospholipid hydrolysis in a,-adrenergic and endothelin mediated cell
signalling

Consistent with the hypothesis on their similar role in inducing myocardial hypertraphy, the
a-adrenergic and ET, receptors share the pathway of intracellular signat fransduction. Upon
agonist-receptor binding and receptor-G-protein coupling, the membrane associated
phospholipase C-# (PLC-8) is activated which initiates hydrolysis of Ptdins(4,5)P, (Fig. 3}
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Figure 3 Schematic representation of the phosphatidy! inositol (Ptdins)-cycle. See text for explanation.
SL, sarcolemma; SR, sarcoplasmic reticulum; 1,2-DAG, 1,2-diacylglycerol, CDP-DAG,
cytidyldiphosphate-DAG; CMP-PA, cytidylmonophosphate-phosphatidicacid, CTP, cytidyitrisphosphate;
PtdOH, phosphatidic acid; Pl or Ptdins, phosphatidyl inositol; PIP or Ptdins{4)P, phosphatidy! inositol
phosphate; InsP, inositol phosphate.

13



General Initroduction

(Berridge and Irvine, 1989; de Chaffoy de Courcelles, 1989; Rana and Hokin, 1990},
Ptdins(4,5)P, hydrolysis leads to the formation of two putative messengers, Ins(1,4,5)P; and
1,2-DAG. The Ins{1,4,5)P, effect is usually transient because it Is raptdly degraded via the
competitive pathways of direct dephosphorylation (5-phosphatase pathway) or
phosphorylation followed by dephosphorylation (3-kinase pathway) (Fig. 3). Ptdins is
resynthesized from ‘recycled’ free inositel and cytidyldiphosphate-DAG {CDP-DAG or CMP-
PA). The stepwise phosphorylation of PtdIns by successively Ptdins kinase (Pl kinase)} and
PtdinsdP- kinase (PIP kinase) closes the Pidins-cycle (Fig. 3) {Rana and Hokin, 1990;
Mesaeli ef al, 1992; Lamers ef al, 1992). The other compound generated during
Ptdins(4,5)P, hydrolysis is 1,2-DAG, which is either converted to phosphatidic acid
(PtdOH)and CDP-DAG to return to the PtdIns-cycle, or subsequently hydrolysed by DAG-
lipases and nonspecific esterases into free fatly acids to be lost from the cycle (Berridge and
Irvine, 1989, Nishizuka, 1992). PLC-8 mediated hydrolysis of Pidins{4,5)P, will accelerate the
Ptdins-turnover, which can be iraced only by almost complete blockade of Ins(1)P
phosphatase with Li’ ions (Fig. 3) (Berridge ef al., 1982; Rana and Hokin, 1990; Nahorski ef
al.,, 1991). The putative messengers formed upon PldIns-cycle activation, Ins(1,4,5)P; and
1,2-DAG, are thought to be involved in, respectively, the release of Ca?* from the Ins(1 4,5)P,
sensitive Ca®* release stores of the SR and the activation of members of the protein kinase
family (PKC) family (Brown and Marlinson, 1992). There is now abundant evidence that the
activation of certain PKC iscenzymes is involved in the initiation of myocardial hyperirophy.
For instance, it has been shown that direct activation of PKC isoenzymes by phorbolesters
induces hypertrophy and characteristic phenotypic changes in cuitured cardiomyocytes
{Steinberg et af, 1995). At present it is largely unknown how the signalling proceeds
downstream of PKC isoenzymes.

The involvement of phospholipids other than Ptdins(4,5)P, in cell signalling is complex,
one should be aware that besides PLC-# transmembrane signalling other potential
phospholipid signalling may be active in myocardium too. For instance, the phospholipase
A, and D mediated systems but also the 3-phosphorylation of Ptdins, Ptdins{4)P and
Ptdins{4,5)P,, the interactions of polyphospho-Pldins with components of the cyloskeleton
or the possibility of operation of the Ptdins-cycle in the nucleus may be involved in initiation
of hypertrophy (Divecha and irvine, 1995). In this thesis we focus on the characterization of
the a,-adrenergic and ET-1 stimulated PLC-8 transmembrane signalling pathway in the
cardiomyocyte and on the investigation of potential sites of the Ptdslns-cycle susceptible for
modulation, such as participating enzymes (PLC-B, PKC), proteins (G-proteins) and the
physicochemical state of the Sk. membrane bilayer. Evidently, the latter modulations (e.g.
Ca®" regulation of PLC-8 and influence of chemical composition of membrane phospholipids
on receptor-G-protein-PLC-# coupling) will have consequences for the uliimate biclogicat
responses such as the degree of hypertrophy and the phenotype of the cardiomyocyles.

Fatty acid composition of membrane phospholipids and heart function
Phospholipids, the major structural lipids of the myocardial cells, are an important substituent

of the various cell membranes, including the SL. In the major phospholipid constituents, the
free base group (e.g. of choline, ethanolamine) and the phosphate group possess charge,
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which provides a polar head in combination to a non-potar tall, and thus allowing the
formation of the lipid bilayer. Like in other bilayer surface membranes, multiple complex
proteins are embedded in the SL, including receptors, PLC-8 and G-proteins that may require
specific "core-" phospholipids and a certain membrane fluidity for optimal activity (Opie,
1991). The fatty acid composition of the membrane phospholipids is in part a reflection of the
diet (Tahin ef al, 1981, Stubbs and Smith 1984; Lamers ef al, 1987), although the
composition has also been shown fo be altered by certain metabolic and pathological (e.g.
diabetes) effects. For example, the n-9, n-6 and n-3 polyunsaturated fatty acids (PUFA)
compete for the fatly acid desaturation and elongation pathways, but compete also in the
processes involving faily acid incorporation in the membrane phospholipids during their de
novo synthesis and normat turnover. The regulation of the fatty acid composition of
membrane phospholipids is mediated by compartmentalized enzymes (desaturases and
elongases) within the endoplasmic reticulum, in which de novo synthesis takes place, and
within the mitochondria, SR or SL, in which reacylation systems regulate the fine adjustments.
The de novo synthesis and the fine adjustments are of crucial importance for the
physicochemical adaption of the SL bilayer to meet the optimal motional characteristics and
environmental requirements for the resided proteins. The fatty acid composition of the core-
phospholipids provide the optimal environment for the enzymes and fon channels, and the
fatty acid composition of the bulk phospholipids determines the distribution of the distinct
phospholipids in different stable domains. The latier phenomenon is, in association with the
local sarcolemmal cholestero! content, of considerable importance for the dynamic
characteristics of the membrane (Applegate and Glomset, 1991a and 1991b, Yechiel and
Barenhoiz, 1985; Yechiel ef al., 1985). Moreover, by their evident role as being a substrate
for various signalling pathways, certain small pools of specific membrane phospholipids (e.g.
Ptdins{4,5)P,) carry information for transmembrane signalling in addition to their important
structural role. This information is released by the action of effector enzymes in signal
transduction pathways such as phospholipase C, D, and A, (Van Bilsen and Van der Vusse,
1995), Obviously, dietary-, metabolically- and pathologically-induced changes of the fatty acid
composition of the membrane phospholipids may modulate phospholipid signalling and so
change the ultimate receptor-mediated biological responses.

Scope of this thesis

The role of the g-adrenergic receptors in the short-term modulation of the contractile force
of the heart under normal physiological and pathological conditions is thoroughly investigated
during the last two decades. However, as discussed above itis evident that the o,-adrenergic
receptors may become important when the heart grows to compensate for a chronically
increased workload. The adaptive processes of the heart to compensate for the increased
worklead vary from rapid recruitment of positive inotropy to progressive development of
hypertrophy. Like as-adrenergic receptors, the ET, receptor may be involved in inotropic
responses and induction of hypertrophy, and both, &,-adrenergic agonists and ET-1, use the
PtdIns-cycle to transduce their signal into the cell. The Ptdins-cycle in myocardium appears
fo be a common pathway for many other hormones, such as angiotensin |l, bradykinin,
muscarinic agonists, 5-hydroxy tryptamine, a-thrombin, and purinergic agonists, that control
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metabolism, inotropy and hypertrophy in myocardium. A complete overview of these functions
of the PtdIns-cycle in myocardium is presented in Chapter 2.

in this thesis we studied the specific PtdIns-cycle-related second messenger responses
of a;-adrenergic and ET, receptor stimulation in an experimental mode} of cultured neonatal
rat cardiomyocytes. As discussed before, intracellular Ca®* ions do not only play a key role
in the regulation of the rate and force of contraction but also in the regulation of enzymes
(PLC-8 and PKC isoenzymes) Involved in the Ptdins signalling cascade. Therefore, we
studied the influence of changes of the internal and external Ca?* ion concentrations on the |
PLC-g mediated Pidins-cycle activity upon stimulation with the o;-adrenergic agonist
phenylephrine (PHE} or ET-1 (Chapter 3).

The agonist dependency of the receptor-mediated insP-isomer- and 1,2-DAG responses
as well as protein phosphorylation was studied in Chapter 4. To gain a better understanding
in the observed responses of the putative Ca®* releasing messengers, the Ca®* responses
mediated by PHE and ET-1 were measuwred in detail using single cell imaging dual
wavelength fura-2 flucrescence microscopy (Chapter 5).

It has long been known that the ingestion of dietary PUFAs have potential biological
effects on the function of blood{cells), the cells of vasculalure and the cardiomyocytes.
However, the effects of PUFAs on the cellular level is still largely unclear, particularly in heart.
Therefore, Chapter 6 presents an overview of the available data regarding the reporied
effects of altered dietary or exogenously added PUFAs on cardiac function. This brief review
Is followed by the presentation of our own work {Chapter 7} on the influence of PUFAs on the
specific responses of the PHE and ET-1 stimulated Ptdins-cycle and on the (irjregularity of
spontaneous confractions of culiured neonatal rat cardiemyocytes.

The model

We used cultured neonatal rat cardiomyocytes as an experimental model for the purposes
mentioned above. Primary cultures were prepared from 1-2 day old Wistar rats by stepwise
trypsinization (Yagev ef al, 1984), followed by preplating to increase the relative
cardiomyocyte number to about 90 % {(Blondel et al, 1971). The use of neocnatal
cardiomyocytes in cullure offered us several important advantages: i} biochemical responses
can be ascribed most likely to cardiomyocyles only as cultures were 90 % pure, This
experimental advantage we consider of major importance because the intact myocardium is
composed of multiple cell types such as endothelial, vascular smooth muscle, connective
tissue cells and cardiomyocytes, In all these cells the components of the Ptdins-cycle are
very active. i) When seeded in a confluent monolayer the spontaneous contractions
reappear, which allows measurement of the effects of signalling pathways on rate and rhythm
of these contractions. iii} The neonatal cardiomyocytes can be cultured on materials such as
plastics and glass, which provide the opportunity to measure the intraceflular signalfing
processes (changes in intracellular free Ca®’}in microscopes, spactrophotometers, etc., and
iv} a-adrenergic agonists and ET-1 induce -besides positive inolropy- hypertrophy of
neonatal rat cardiomyocytes in culture {Simpson and McGrath, 1983; Simpson ef al., 1991;
lto ef al., 1993). Thus the mode! provides us an excellent biological preparation to study the
aj-adrenergic and ET-1 mediated signal transduction through and beyond the Ptdins
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pathway.
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The phosphatidylinositol cycle

SUMMARY

Diverse and distinct hormonal stimuli arriving at the cardiomyocyte engage specific surface
recepfors to initiate hydrolysis of inositol phospholipids by phospholipase C whereby
information flows from changes in intracellutar levels of inositol 1,4,5-trisphosphate and
inositol 1,3,4,5-tetrakisphosphate, 1,2-diacylglycerol and Ca?* to the specific phosphorylation
of cellular proteins by various protein kinases such as the protein kinase C family, Ca®*-
calmodulin-dependent kinase and mitogen activated kinases. The phosphorylation products
are potential regulators of the inotropic and chronotropic state, hypertrophic growth and
ischemic preconditioning of the myocardium. This review summarizes the current state of
knowledge concerning the phosphatidylinositol cycle and its potential role in mediating
various functional responses in myocardium. The multiplicity of receptortypes, G-proteins,
phospholipases C and protein kinases raises fundamental questions about the mechanisms
that assure the precision and timing of the myocardial response to hormonal stimuli.

INTRODUCTION

In myocardium, signals that control metabolism, the rate and force of contraction, as well as
the size and differentiation of cardiomyocytes are initiated at the cell surface by the
interaction of hormones, neurotransmitters and para- or autocrine factors with their specific
receptors, Depending on the agonist, signals are propagated via GTP-binding protein (G-
protein)- or non-G-protein-linked receptors.

Receptors are coupled, via G-proteins or otherwise, to effectors such as adenylate
cyclase, guanylate cyclase, ionchannels, phospholipase C-g (PLC-8) and -y, phospholipase
D (PLD) and A, {PLA,), and tyrosine kinases. Modulation of the activily of these effectors
changes the levels of second.messengers: cyclic AMP (CAMP), cyclic GMP, Ca?*, inositol
1,4,5-trisphosphate (Ins(1,4,5)P,), inositol 1,3,4,5-tetrakisphosphate (Ins(1,3,4,5)P,}, 1,2-
diacylglycerol{1,2-DAG) and arachidonic acid. The most common mechanism by which these
second messengers function is via direct or indirect activation of protein kinases such as
CAMP- (cAMP-PK), cyclic GMP- or Ca®*-calmodulin-dependent protein kinases (CaM-PK),
Ca?*-dependent and Ca?*-independent DAG-stimulated protein kinases C (PKC), and/or
mitogen-activated protein kinases (MAPK and MAPKK) which then phosphorylate specific
proteins uitimately leading to functional responses.

In this paper we review the current knowledge on receptor-mediated signalling via PLC-3
and -y and the role(s) of this messenger system with the emphasis on myocardium. A review
in this field after those by Brown and Jones (1986}, Brown and Martinson (1992), De Chaffoy
de Courcelles and Lamers ef al. {1993a) appears timely since svidence is accumulating that
activation of specific members of the PKC isozyme family, CaM-PK and MAPK{K} modulate
inotropism, chronotropism, hypertrophy, gene expression and ischemic preconditioning
{Morgan and Baker, 1991; Chien ef al.,1991; Komuro and Yazaki, 1993; Sadoshima and
Izumo, 1993a and b; Gruver ef al., 1992; and Bogoyevilch ef al., 1994).
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HISTORICAL BACKGROUND

The first of the experiments that ultimately led to the present understanding of the ubiquitous
PLC-mediated signalling pathway were carried out by Hokin and Hokin (1958} who
demonstrated that acetylcholine stimulated 32?, incorporation into the inositol lipid fraction in
slices of pancreas and brain. Several years later it was shown that PLC catalyzed the
receptor-mediated inositol lipid hydrolysis and the link with Ca®" signalling was postulated
(Michell, 1975). A decade later ins(1,4,5)P; was identified as the Ca?" mobilizing second
messenger and phosphatidylinositol 4,5-bisphosphate (Ptdins(4,5)P,) was shown to be the
preferred substrate for PLC in vivo (Streb ef al., 1983). Al that time PKC was discovered and
its normatl and pathological control by 1,2-DAG and phorbolester tumour promotors was
investigated (Castagna et al., 1982). Activation of protein kinase C by 1,2-DAG and Ca?
represents the second fimb of the inositol lipid signalling pathway.

In the past ten years many of the molecular details of this signalling pathway have been
elucidated and an equally impressive development is the unexpected recognilion that this
pathway regulates a large array of cellular processes, including metabolism, secretion,
muscle contraction, neural activity, fertilization, cell hyperirophy and proliferation (Berridge
M, 1993; Nishizuka, 1992). The diversity of this regulation became better understood when
it was discovered that cerlain growth factors directly stimulate a non-G-protein linked PLC-y
activated by tyrosine phosphorylation (Rhee and Choi, 1992; Fantl ef al,, 1993).

TRANSMEMBRANE SIGNALLING

Receptors

The PLC-R-coupled receptors are good representatives of G-protein linked receptors that
generally show a high degree of homology and contain seven transmembrane-spanning
regions. These receptors contain multiple potential N-glycosyiation sites in the extracellular
NH,-terminal domain together with cysteine residues in the four extracellular domains that
are thought fo be sites for disulfide bridge formation. In myocardium, PLC-8-coupled
receptors have now been identified for a;-adrenergic and muscarinic agonists, angiotensin
il {Angll}, endothelin (ET-1), serotonin {5-HT), «-opioids and a-thrombin {Chien et al., 1991;
Brown ef af., 1992; Lamers ef al., 1993a). Several genes identified in this receptor class heve
heen termed "orphan receptors” (Mills and Duggan, 1993}, Recently an "orphan™ receptor has
been identified that is expressed in the heart, but the ligand has yet to be identified (Okazaki,
ef al,, 1993).

Cardiac a-adrenergic receptors belong to a family of closely related isoforms (Terzic of
al., 1893). Pharmacological evidence suggests the existence of two different isoforms, ayy
and ay. Indeed, two different genes for the a,-adrenoceptor heve been identified, but more
members of this class exist. In mammalian heart, a,,- as well as a,g-adrenoceptors are
expressed and it has been shown that the a, ,-adrenoceptor mediates activation of the Ptdins
cycle (Knowlton ef al., 1993; Terzic ef al., 1993).

Anglt receptors can be subdivided into two major classes, AT, and AT, (Timmermans
ef al., 1993) that are both expressed in the myocardium (Sechi ef al., 1992) but the function
of the AT, receptor is not established. Studies with cuitured rat ventricutar myocytes indicated
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that Angli, by stimulation of the AT, receptor, not only activates the Pidins cycle, but also
activates PLD, PLA, and adenylate cyclase in these cells (Sadoshima, 1993b),

ET comprises a family of three peptides (ET-1, -2 and -3) and has not only been shown
to be synthesized and excreted by vascular endothelial cells, but alsc to be produced in a
multitude of nonvascular tissues including cardiomyocytes {Sakurai, ef al., 1992; Suzuki et
al., 1893). Two subtypes of ET receplors have now been identified:; ET,, that preferentially
recognizes ET-1, and ETy that has equipotent affinity for all three ET isoforms, and both
receptors are able to activate the Pidins cycle. Both receptor sublypes are present in the
heart (Irons ef al., 1993), buf hecause ET-1 is a much more potent activator of the Ptdins
cycle than ET-3 in neonatal atrial cells (Irons ef al, 1993), it is likely that only the ET,
receptor, coupled to PLC-, is funclionally important.

Through cloning, § muscarinic receptor-sublypes have been identified, m, 5 (Bonner,
1989). Not all muscarinic receptors are linked to the same signalling pathway: m, and m,
inhibit adenylate cyclase and weakly activate PLC-8 while m,, m3, and m; activate PLC-8,
PLA, and PLD. Only the m, receplor subtype is present in mammafian heart and was shown
{o be coupled to the PtdIns cycle (Jones et al., 1987; McMorn ef al., 1993).

Two 5-HT receptor subtypes (HT, and HT,) have been pharmacologically characterized
of which only the 5-HT, receptor subtype is coupled to PLC. In cultured cardiomyocytes it
was shown that 5-HT stimulates Ptdins{4.5)P, hydrolysis, independent of a;-adrenergic
stimulation suggesting the presence of HT, receptors in myocardium {Hamamori ef al., 1990).

a-Thrombin, a protease involved in coagulation, also possesses a receptor on various
celltypes including the cardiomyocyte (Chien et al., 1990} and the a-thrombin-receptor mRNA
was also detected in these cells (Glembotski et af., 1993). The a-thrombin receptor is slightly
different from other members of the G-protein-linked family, as activation of the receptor
occurs after cleavage of the N-terminal extracellular domain by a-thrombin. This produces
a peptide that activates the remaining receptor structure leading to activation of PLC-R
(Steinberg et al., 1991).

Besides the agonists mentioned above that have been the subject of many studies in the
heart, other receptors were also shown to be coupled to PLC-B, but are still less well-studied
in myacardium. These include e.g. the P,-purinoceptors and x-opioid receptors (Brown and
Martinson, 1992).

A multitude of non-G-protein linked receptors with inherent tyrosine kinase activity, likely
coupled to PLC-y, have been described and include many receptors for growth factors such
as platelet derived growth factor, epidermal growth factor, insulin-like growth facter, fibroblast
growth factor (FGF) and transforming growth factor, alf exerting an influence on the heart
{Long ef al., 1991, Fuller el al., 1992). Besides containing a cytoplasmic tyrosine kinase
domain that contains a 5 amino acid long signal molecule binding streich that is tyrosine-
phosphorylatable, these tyrosine kinases show no extended homology in the exfracellular
domains.

G-proteins

In general, G-proteins are heterotrimeric and are composed of a-, #- and y-subunits. G-
proteins are membrane- and receptor-associated but not membrane-spanning proteins. On
agonist binding, the receptor catalyzes exchange of GDP for GTP on the G, subunit, which
activates the protein and causes its dissociation from the receptor and from the G -complex.
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Both the G,-GTP complex and Gy, are now thought to regulate effector molecules such as
PLC-B. Signalling by G-proteins is transient because of the intrinsic GTPase of the G,
subunit. Besides controlling interaction of G, with the receptor, G, may also directly regulate
the activity of effectors, one of which is cytoplasmic PLC, presumably PLCR, (Iniguez-Lluhi
ef al., 1983).

About 20 isoforms of the a-subunit {all about 42 kDa) have been identified together with
4 isoforms of the 8- and 6 isoforms of the y-subunit. As several isoforms of each subunit are
expressed in a cell-type specific manner this iimits the amount of different G-proteins
{(Iniguez-lluhi ef al., 1993). This also lays a rational base for the multitude of effectors that can
be stimulated by G-proteins in different celltypes. On the basis of amino acid homology, the
20 G,-subunits are classified in 5 groups: G, G, G,, G, and G,;, and these groups seem to
interact with different effectors. Only the a-subunits from the G, group interact with and
activate PLC-B (Lee ef af., 1992). So far, four members have been identified in this G, family:
Gugr Gat1s Curs and G,y of which G4 and G4 have been detected in heart together with
Ggy, Gpp and Gy, (Neer and Clapham, 1992). Furthermore, a rat and bovine cardiac Gy
was described that is coupled to the a;-adrenergic receptor, but no comparison with the G,
group of a-subunits was made (Baek ef af., 1993).

The G, family has been characterized by the absence of residues critical for ADP-
ribosylafion and inactivation by pertussis toxin. Indeed, most of the studies showing receptor-
mediated Ptdins(4,5)P, hydrolysis in the hearl have reported its insensitivity o inhibition by
pertussis toxin {Neer and Clapham, 1992; Brown and Martinson, 1992),

Phospholipase C

Three PLC classes (PLC-8, -y and -8) can be discerned that contain X and Y regions with
high homology (60% and 40% respectively} (Rhee and Choi, 1992). iIn PLC-y the region
between X and Y contains three domains (SH2 and SH3) that have homology to the non-
catalytic region occurring in a family of tyrosine kinases. This PLC-y class is activated by
receptor-associated lyrosine kinase interaclion with the SH domains and subsequent
phosphorylation of the enzyme (Fantl ef al,, 1993). In general, three PLC-8-, two PLC-y- and
two PLC-d-isozymes have been recognized up fill now and only isozymes of the PLC-g class
are activated by interaction with the G,-class-GTP complex {Jhon et al., 1993). PLC-8, 5 can
be activated by Gq, G141, G414 and G,y but only PLC-8; showed some G, subunit specificity
(Jhon et af, 1993). As PLC-B, is more active than PLC-8;, and PLC-8, is only weakly
activated by G-proteins this suggests different interactions of ae-subunits with PLC-#
isozymes. In heari, the most abundant PLC isozyme is PLC-y, followed by PLC-8 and PLC-6
{(Neer and Clapham, 1892). Up till now not much information exists on the subclasses of PLC-
R in the myocardium, but PLC-B, seems fo be absent while PLC-B, and -8; expression is
lower compared to other tissues {Jhon et al., 1993).

G-protein linked PLC in isolated cardiac membrane preparations was shown to be Ca®*
dependent (Renard and Poggioli, 1990). Recently we cotild confirm the Caz"-dependence of
ET-1 and a,-adrenergic stimulated PLC in intact cardiomyocytes (Van Heugten ef af., 1994).
Cytosolic free Ca®* concentration ({Ca”},-) may thus play a regulatory role in the receptor-
mediated Ptdins turnover paricularly when [Caz“],- increases due to Ca®* mobilization. The
rate of transmembrane signalling by PLC- can also be influenced by changes in the faity
acid composition of the membrane bilayer. We have observed that the presence of high
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amounts of linoleic or eicosapentanoic acid in the cardiomyocyte membrane decreases the
rate of a,-adrenergic stimulated Ptdins(4,5)P, hydrolysis (Lamers ef al., 1992).

SECOND MESSENGERS

It is now generally recognized that Ins{1,4,5)P; is the second messenger that is able to
release Ca®* from non-mitochondrial pools thus promoting the Ca®*-induced influx of external
Ca®", possibly in conjunction with Ins(1,3,4,5)P, (Berridge, 1993).

Termination of the InsP,, arm of the Pidins pathway involves several dephosphorylation
reactions (Nahorski et al., 1991). Dephosphorylation of Ins{1,4,5)P; results in the formation
of biologically inactive praducts Ins(1,4)P,, Ins(4)P and free inositol. The 3-kinase product of
Ins{1,4,5)P3, t.e Ins(1,3,4,5)P,, is degraded to the biologically inactive forms Ins{1,3,4)P;
which is dephosphorylated to ins(1,3)P, or Ins(3,4)P,, thereafter to Ins{1)P or Ins(3)P and
ultimately to free inositol. Proof of the extremely fast resynthesis of inositol lipids during
maximal stimulation with ET-1 of cuilured cardiomyocytes, in the presence of the
monophosphatase blocker Li*, came fram our observation that the free inositol level
decreased dramatically, while the levels of Pidins, Ptdins{4)P and Ptdins(4,5)P, remained
relatively constant (Van Heugten ef al., 1993).

Normally, Ins(1,4,6)P, metabolism in intact cells, including cardiomyocytes, was studied
upon incorporation of [*Hjinositol into insP,,. Apart from artefacls introduced by differences
in extraction procedures, problems in studying Ins(1,4,5)P; metabolism arise from the fact
that the dephosphorytation reactions are extremely rapid (Woodcock et al., 1992; Woodcoack
and Anderson, 1993). The lalter problem is partially circumvented by the addition of Li* that
inhibits the Ins(1,3,4)P; and Ins(1,4)P, 1-phosphatase and insP monophosphatase activities
(Nahorski et al., 1991). The whole heart, or atrial and ventricular tissues examined in the
earliest studies, not only contained cardiomyocytes but vascular smooth muscle cells,
fibroblasts, vascular endothelial cells, and nerve endings as well, which all might contribute
to the formation [‘Hiinositol-labelled InsP,. More receni studies that used almost
homogeneous preparations of cultured or freshly isolated cardiomyocytes have most
conclusively shown the coupling of the Ptdins(4,5)P, hydrolysis to a;-adrenergic agonist-
(Steinberg et al., 1989; Kohl ef al., 1990; Terzic ef al., 1993; Woodcock ef al., 1982; Meij and
Lamers, 1988}, ET-1- (Shubeita el al., 1990; McDonough et al., 1993; Van Heugten et af,
1993}, Angll- {(Abdellatif ef al., 1991), muscarinic agonist- (Brown and Martinson, 1992), «-
thrombin-, 5-HT- {(Neer and Clapham, 1992} and «x-opicidreceptors (Ventura et al., 1991).
When measured by high performance liquid chromatography, the Ins(1,4,5)P; rise Is transient
and returns to basal values within minutes. Besides inositol phosphatases, the heart contains
ins(1,4,5)P, 3-kinase (Woodcock et af., 1992). Using a;-adrenergic stimulated left atria (Kohl
el al, 19890) or ventricular strips from adult hearts (Renard and Poggioli, 1987)
dephosphorylation products of Ins(1,3,4,5)P, were detected. Likewise, in cultured neonatal
rat cardiomyocytes we found that stimulation with phenylephrine and in particular with ET-1
led to elevation of Ins(1,3,4)P; and Ins(1,4)P, levels while the biclogically active products
were only slightly increased (unpublished resuits). This may indicate that the other limb of the
Ptdins pathway, PKC activation by 1,2-DAG, is funcfionally more important in myocardium,

In neonatal ventricular myocytes 1,2-DAG level has not been shown to increase as early
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as Ins(1,4,5)P; but stays elevated for at least 60 minutes (Shubeita ef al., 1990; Bordoni et
al., 1891; Sel ! al., 1991; McDonough ef al., 1993}, 1,2-DAG is converted to phosphatidic
acid by the action of DAG kinase and is subsequently reincorporated into the inositol lipids.
It can also be hydrolyzed by DAG lipase and presumably by nonspecific esterases to free
fatly acids and glycerol (Nishizuka, 1892). This can explain the fact that, due to the high
PtdIns turnover rate during hormonat stimulation and its metabolism as described above, 1,2-
DAG rapidly reaches a plateau level. Receptor-stimulated translocation (and concomitant
activation) of PKC from the cytosol to the sarcolemma (SL) or subcellular sites (e.g.
myofilaments and nucleus} also reflected the elevation of 1,2-DAG levels (Mochly-Rosen ef
al., 1990; Aflo ef al., 1991; Kaku ef al., 1991; Shubeita of af,, 1992; Talosi and Kranias, 1992;
Bogoyevitch ef al., 1993). However, the presence of various isoforms of PKC and their
possible differential activation by external stimuli serving to mediate distinct physiological
funclions in heart have only recently been recognized (Mochly-Rosen ef al., 1990; Brown and
Martinson, 1892; Bogoysevitch of al., 1993 and 1994; Terzic of al., 1993; Sadoshima &t al.,
1993b; Lamers ef al., 1993a). The isoforms of PKC may differ in their extent of activation by
certain molecular species of 1,2-DAG {(Allen and Katz, 1981). In this regard it is important to
mention that we found that the generally assumed 1-stearoyl and 2-arachidonyl fatty acid
composition on the glycerol backbone of PtdIns(4,5)P, is not characteristic for myocardium
{Lamers of al., 1993b}. The "cross-talk" between PLC (subsirate Ptdins{4,5)P,) and PLD
{substrate phosphatidyicholine} via activation of PKC may be the mechanism by which the
cardiomyocyte can maintain increased levels of 1,2-DAG for a prolonged time and it can also
be expected to lead to changes in the molecular species of 1,2-DAG {Nishizuka, 1992;
Lamers et al., 1993a).

SECOND MESSENGER RESPONSES

Ins(1,4,5)P, receptor
Several studies have provided evidence that Ins(1,4,5)P, can induce Ca” release from the
SR, although the effect appears to be modest as compared to the ryanodine-sensilive Ca®*-
induced Ca®' release {Kentish ef al., 1990; Zhu and Nosek, 1991; Molina-Viamonte ef al.,
1991; Fabiato, 1992). The presence of the ins(1,4,5)P, receptor (IP,R) in heart has been
indicated from analyses using whole heart tissue (Furuichil ef af., 1980); Marks et al., 1990,
Migneri ef al., 1990). Recently, Kijima ef af (1993) and Verma el af (1992) definitely showed
the presence of IP4R separate from ryanodine receptors (RYR) in ventricular cardiomyocytes
by immunolocalization and autoradiography, respectively. It was found that the density of
IP4R in ventricular myocytes was much lower than that of RYR (Verma ef al,, 1992). Specific
Ins(1,4,5)P, binding activity was found to be enriched in a subcellular fraclion containing
intercalated discs and was nearly absent from the longitudinal and junctionai SR while
specific ryanodine binding activity was highest in junctional SR (Kijima ef al., 1993). These
results suggest a possible role of Ins(1,4,5)P; in Ca?* entry through the intercalated discs
andfor intercellutar signalling.

The four cloned IP3R genes bear parlial sequence homology to the skeletal muscle RYR,
and cardiac RYR, genes, particularly in their C-terminal membrane spanning regions
{Mikoshiba, 1993; Berridge, 1983). The IP;R as well as the RYR receptor appear to have 4-
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fold symmetry compatible with a tetrameric structure of the Ca®* channel. Each subunit in this
IP4R tetramer binds one ins(1,4,5)P, molecule non-cooperatively on a site localized in the
cytoplasmic N-terminal tail (Berridge, 1983) but there is still no understanding how
ins(1,4,5)P; acts to open the individual channels.

The considerable structural and molecuiar homology shared by RYR- and IP4R receptor-
Ca®* channel proteins is mirrored in many functional similarities, the most striking of which
is the common sensitivity to Ca?* displayed by a Ca®*-induced Ca®* release (Berridge, 1993;
Fabiato, 1992). However, in contrast fo the RYR, the IP,R Ca®t channel is critically
dependent on the filling inside the SR with Ca?* and generates cyclic releases of Ca®* of
muich smaller rate and amplitude.

Intracellular free Ca®* and H'

The increase of [Caz*}i due to stimulation of the Pidins cycle has been studied using
Ca’*sensitive fluorescent indicators or aequorine and were performed on either adult or
immature isolated myocytes, maintained in suspension or aitached to coverslips. Eckel ef al.
{1991) showed that the a,-adrenergic response in quiescent adult ventricular myocytes
results in mobilization of the intracellular Ca®* stores and similar conclusions had been drawn
by lwakura ef af. (1990). The amount of external Ca®* (Ca®*,) and Na* affects the magnilude
of w-adrenergic stimulation of systolic Ca®* suggesting the involvement of the Na'/Ca®*
exchanger (Capogrossi ef al, 1991 and Iwakura ef al., 1990). However, in experiments
performed to investigate the influence of a-adrenergic stimutation on electrically driven adult
ventricular myocytes under moderate {Ca2+]B it was demonstrated that neither the Ga**
current nor Ca®* transients were significantly altered (Terzic ef al., 1992},

Like a-adrenergic agonists, ET-1 was reported to induce a concentration dependentrise
of [Ca?*}; In neonatal rat atrial cells (Vigne et al., 1990). The increase of [Ca’}; resulted from
the mobilization of caffeine- and ryanodine-insensitive intracellular stores but also from ca?
entry through voltage dependent L-type Ca®* channels. However, it was also shown that ET-1
enhanced Ca®' entry through voltage dependent T-type Ca®* channels in cuitured neonatal
rat ventricular myocyles (Furukawa et al., 1992). Taken together, the effects of ET-1 on Ca®*
transients are variable depending on the species and/or maturity of the myocyte preparations
(Kohmoto ef al., 1993).

Stimulation with Angl! has been found to rapidly {within 80 sec) decrease {Ca
transients in chick embryo ventricular myocytes {Kohmoto ef af,, 1993), although in cuitured
neonatal rat ventricular myocytes the Angll stimulation caused an steady state as well as
transient [Ca2+},- rise (Allen ef al, 1988), and the initial Caz"i increase was derived
predominantly from the SR (Kem ef al,, 1991).

a-Adrenergic agonist-induced pH;, increase has been shown to occur in perfused rat
heart, isolated adult ventricular myocytes in suspension and on coverslips using fluorescent
pH-sensitive probes and partition of [2-*C]5,5-dimethyloxazolidine-2,4-dione (Terzic ef af.,
1993}, Furthermore, a,-adrenergic and purinergic stimulation accelerated the recovery from
acidosis induced by a NH,C| pre-pulse {Pucéal ef al., 1893). ET-1 as well as Angll induced
a small decrease in pH; in cultured chick embryo- and neonatal rat ventricular myocytes,
whereas these agonists induced a pH; increase in adult rabbit myocytes (Kohmoto et af.,
1993). The hypothesis that the Na*/H™ exchanger is involved, is primarily based upon the
findings that specific blockers of the Na*/H* exchanger were able to abolish or prevent pH,

2
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increase after e;-adrenergic stimutation (lwakura &t al., 1980; Fuller of al., 1891; Terzic ef 4l.,
1893). Terzic ef al. (1993) proposed that PKC-induced modification of the Na*/H" exchanger
turnover rate is responsible for cellutar alkalinization, by either a change in affinity of the
allosteric site for H and/or an increase in the maximal rate of ionic exchange of the antiport.
The shift to alkaline pH was also induced by phorbolester and prevented by PKC inhibitors
H-7, sphingosine and staurosporine in ventricular myocytes in suspension (lwakura ef af.,
1990; Gambassi et al. 1992} but not in ventricular myocytes attached to glass coverslips
{Pucéat el al, 1993). Alternatively, Na'/H" exchanger activation by CaM-PK has been
proposed as the mechanism of pH, increase (lwakura ef al., 1990}, but evidence against this
hypothesis has been presented too (Pucéat ef al,, 1993).

Protein phosphorylation

Af present there is little information available on in vivo phosphorylation by PKC and CaM-PK
of cardiac substrate proteins. A 15 kDa substrate protein for PKC {Presti ef al., 1985) as well
as cAMP-PK (Lamers and Stinis, 1982) was first identified in isolated cardiac SL vesicles in
vitro. Later, this 15 kDa protein was shown fo be phosphorylated in rat hearts stimulated by
as-adrenergic agonist i vivo (Lindemann, 1986). More recent findings provided evidence that
PKC activation in vivo is associated with increased phosphorylation of the 15 kDa protein
(Talosi and Kranias, 1992; Harfmann and Schrader, 1992) but not with phospholamban
(PLB).

Angll and phorbolester TPA (12-O-tefradecanoylphorbol-13-acetate) were shown fo
enhance phosphorylation of the same set of proteins (32 and 83 kDa} in intact neonatal rat
cardiomyocytes {Désemeci ef al., 1988). The 83 kDa protein was suggested fo be the wide-
spread occurring PKC substrate protein ("87 kDa"} of which the cellular localization is
unknown. The 32 kDa protein is likely to be the myofitament protein troponin | (Tni).

Apart of the afore-mentioned 15, 32 and 83 kDa proteins, a number of other cardiac
proteins have been shown to be substrates for PKC in vitro in subcellular fractions enriched
in SL, SR and myofibrils. These include Tnl {30 kDa), TnT (40 kDa) {Noland and Kuo, 1991
and 1893}, myosin light chain-2 (MLC-2) (20 kDa) (Clement ef al., 1992), and PLB {24 kDa)
{(Movsesian ef al, 1984). Several of these proteins (PLB, MLC-2} appear to be good
substrates for CaMPK as well (Clement ef af., 1993; Venema of al., 1993; Movsesian ef al.,
1984). It was also shown that CaM-PK but not PKC or cAMP-PK can phosphorylate the C-
terminal domain of the rabbit cardiac Ma*/H*-antiporter in vitro (Fliegel et af, 1982). | n
some of the in vitro studies the consequences of phosphorylation for the protein or organelle
function have been investigated. Stimulation of cardiac SR Ca®* uptake by activation of
cAMP-PK, CaM-PK and PKC has been shown (Movsesian et al,, 1984). However, using
digitonin-permeabilized cultured ventricular myocyles, it was found that PKC activation by
phorbolester inhibits SR Ca®* uptake (Rogers et al., 1990). Recently, an unigque Ca**-CaM-
dependent phosphorylation site of cardiac RYR was identified which, when phosphorylated,
activated the Ca?* release channel (Witcher et af., 1991). Phosphorylation of Tnl and TnT by
PKC inreconstituted actomyosin resulted in decreased Ca®*-stimulated Mg?*-ATPase activity
and this was reversed by dephosphorylation (Noland and Kuo, 1891 and 1993). The addition
of Ca*-CaM-dependent MLC-kinase to chemically skinned heart cells results in an increased
Ca®'-sensitivity of force development and actomyosin Ca?*-stimulated Mg?*-ATPase activity
(Clement et af,, 1993). In the latler experiments PKC-induced phosphorylation of MLC-2
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together with phosphorylation of Tni and TnT induced a large increase in Ca?* sensitivity of
the filaments.

Recently it was shown that stimulation with ET-1, ay-adrenergic agonist, acidic FGF
(aFGF) and phorbolester activates two MAPK (42- and 44-kDa proteins) in cultured
cardiomyocytes that belong o a family of threonine-kinases {Bogoyevitch ef al., 1994). The
activation results from phosphorylation of tyrosing and threonine residues within MAPK. A
MAPK activator, MAPKK, was also shown to be stimulated by ET-1 and aFGF in cardiac
myocytes and PKC-g, -6 and -¢ are not involved in this activation {Bogoyevitch et al., 1994).
One possible activator of MAPKK is PKC-{ that has been shown to be aclivated by the
putative second messenger PtdIns(3,4,5)P;, which is formed by the action of Ptdins-3 kinase
that is frequently associated with receptor tyrosine kinases (Bogoyevitch et al., 1994).
Downstrearm target proteins for MAPK activily in cardiac myocytes have not been investigated
yet.

(PATHO)PHYSIOLOGICAL IMPLICATIONS

ino- and chronotropism

Agonists that stimulate myocardial receptors coupled to the Ptdins cycle are frequently shown
to be positive inotropic agents. In particular, this property was described for a,-adrenergic
agonists (Terzic et af., 1993} and similar results were obtained with ET-1 {Kohmoto ef al.,
1893), Angll (lkenouchi et al, 19982), a-thrombin and purinergic agonists (Brown and
Martinson, 1992). Stimulation of cardiac m, receptors not only activated the Ptdins cycle but
also G-protein linked K* channels which explains the net negative inotropic effect (McMorn
et al., 1993). The role of Pidins cycle-linked second messengers in mediating the positive
inotropic effect is, however, not yet fully clarified. As discussed before, no doubt exists about
the presence of Ins{1,4,5})P; sensitive Ca®* channels in myocardium and the occurrence of
a significant elevation of Ins(1,4,5)P; and [Caz*],- due to stimutation of receptor coupled PLCR
seen in many sludies (Brown and Martinson and, 1992; Terzic el al.,, 1993). However, it is
now believed that the changes of [Caz*],- are too fransient to explain the sustained positive
inotropic responses. That activated PKC alone modulates contractility is also unlikely as
phorbolesters usually produce negafive inotropic effects (e.g. Capogrossi ef al, 1990;
Kohmoto et al., 1993). Recently, the attractive hypothesis has been forwarded that agonisis
enhance myofilament responsiveness to Ca®* by stimulating the Ptdlins cycle (Terzic ef al.,
1993). PKC andfor CaM-PK-dependent phosphorylation of regulatory myofilament proteins
(MLC-2, Tnl, etc.) and/or direct effects of cytosolic alkalinization on myefilament function
cotlld represent the mechanism(s) involved in Ca?'-sensitization. Evidence for this theory is
mainly derived from studies on the a,-adrenergic agonist effect on cardiac preparations
(Brown and Martinson, 1892; Terzic et al., 1993) Apparently, the inotropic effect depends on
the net effects of protein phosphorylation, the change in {H'], the size of intracellular Ca?*
transient and other unknown factors.

Several agonists, including a,-adrenergic agonists (Terzic ef al.,1993), Angli (Allen et
al., 1988} and a-thrombin (Steinberg et al., 1991) that are able to stimulate receptor-mediated
Ptdins{4,5)P, hydrolysis, can enhance the automalicity and prolong the repolarization of
ventricular cardiomyocytes and isolated Purkinje fibers. In this regard it is important {o notice
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that e.g. ay-adrenergic agonists do not alter the pacemaker rate of sinoatrial cells and as a
result do not change the nodal rhythm of the heart. Whether second messengers of the
Ptdins cycle contribute to the automaticity response to ay-adrenergic agonists, Angll and a-
thrombin remains to be determined.

Hypertrophic cellgrowth
Chronic hemodynamic averload of the heart because of infarction, hypertension or either
volume or pressure overload ultimately leads to hypertrophy of the left ventricular wall, Many
agonists that activate the Ptdins cycle and induce hypertrophy were identified using in vifro
models that employ cultured cardiomyocytes. These include a,-adrenergic agonists (Mochly-
Rosen &l al., 1990; Knowlton et al., 1993), Angl! (Sadoshima and lzumo, 1993a and b), ET-1
{Shubeita ef al, 1990, and Suzuki ef al., 1990) and a-thrombin (Glembotski ef al., 1993).
Recent evidence suggests that stretch-induced activation of the Ptdins cycle and hypertrophy
is mediated by release of Angli from the cardiomyocytes and stimulation of the Pidlns cycle
{Komura and Yazaki, 1993; Sadoshima ef al, 1993c). Furthermore, ET-1 is locally generated
and released by cardiomyocytes after stimulation with Angll (ito ef al,, 1993) implicating that
strefch-induced induction of hypertrophy is brought about by an autocrine mechanism.
Activation of PKC is sufficient to give several of the hyperfrophic responses in
cardiomyocytes {(Allo ef al., 1991; Shubeita of al., 1992) and this was elegantiy confirmed by
PKC transfection studies (Shubeita ef af,, 1992, Kariya ef al,, 1992). However, activation of
PKC is not the only faclor involved in induction of hypertrophy. Sei ef af. {1981} showed that
inhibition of PKC activity resulted In a 75% decline in hyperrophic response after ay-
adrenergic stimulation. On the other hand, inhibition of CaM-PK completely blocked
hypertrophy development, in agreement with the requirement for Ca®* of the hypertrophy
process. Conflicting results were reported concerning the role of Ca®*, in stimulation of
protein synthesis by ET-1. In one study, a Ca®* blocker had no effect (lto et af., 1991), while
the group of Suzuki ef af {1991) showed that the same Ca®* channel blocker partly inhibited
ET-1 induced increase in protein synthesis {Suzuki ef al., 1990 and 1991). On the cther hand,
it was shown that an increase in [Caz“}j leads to a temporal stimulation of transcription of
MLC-2, skeletal a-actin and troponin genes (ito &f al., 1991) and the Angil induced induction
of the transcription factor c-fos by PKC activation also requires Ca** (Sadoshima, 1993b).
The involvement of Ca?'/CaM regulated processes in induction of cell growth is further
substantiated by a study in which overexpression of CaM led to induction of hypertrophy as
well as hyperplasia (Gruver ef al., 1992). Other kinases that might be involved in hypertrophy
are the MAPK(K). These MAPK(K) are aclivated by a;-adrenergic agonist and ET-1
stimulation of cardiomyocytes (Bogoyevitch el al., 1993b and 1994). Coordinated
expression of several genes takes place as a result of a,-adrenergic agonist, ET-1 and Angll
stimulation (Shubeita ef al., 1990; Chien et al., 1981; lto ef al., 1991; McDonough ef af.,
1993; Sadoshima and lzumo, 1983a). Early and transient responses involve transcription of
socalled immediate early genes (c-fos, c-jun and EGR-1) encoding known or putative
transcription factors. The c-fos/c-jun heterodimer binds to AP-1 DNA ¢onsensus sequences
resulting in aclivatien of transcription of genes containing these elements, e.g. in the ANF
gene (Chien ef al, 1991). The expression of EGR-1 seems of prime Importance for
development of hyperirophy as blocking the franslation of the ERG-1 mRNA by an antisense
oligonucleotide completely inhibits ET-1 induced stimulation of protein synthesis, an indicator
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of hypertrophy (Neyses ef al, 1991). At a later stage of hyperirophy, protein synthesis
increases probably as a result of induction or enhancement of transcription of several late
genes (MLC-2, ANF, skeletal g-actin, B-myosin heavy chain {(8-MHC)) (Chien et al., 1991).
In contrast to a;-adrenergic stimuiation, ET-1 not only increased franscription of the
embryonic MHC B-isozyme but also of the adult a-form (Wang ef al., 1992). This suggests
that differences in signal transduction pathways leading to hypertrophy exist between a,- and
ET-1. It has also been shown that exposure of cardiomyocytes to ET-1 leads to partial
homologous desensitization of the Pidins cycle activity, a phenomenon not present during
aj-adrenergic stimulation (Van Heugten et al,, 1993, and McDonough ef al,, 1993). Whether
this is the underlying mechanism that is responsible for the difference MHC isozyme
expression as described above and the rapid decrease of ET-1 induced ANF mRNA levels
remains fo be defermined (McDonough ef al,, 1993).

Angll, like ET-1, provokes PLC activily that is rapidly desensitized {(Abdellatif ef al.,
1991). As research on the hypertrophic effect of Angll is relatively young, studies on
expression of coniractile and embryonic genes are not yet available and ceonclusions
regarding the role of desensitization in regulation of transcription can not be drawn.

A fourth receptor that is coupled to induction of hypertrophy through activation of the
Ptdins cycle is the a-thrombin receptor (Chien ef al., 1990, and Glembotski ef al., 1993).
Stimulation of cardiomyocytes with a-thrombin leads to morphological and genetical changes
reminiscent of hypertrophy; cells are enlarged and contain highly organized contractile units
while ANF expression is induced in a dose-dependent manner. The signal transduction
pathway involves both PKC and tyrosine kinase activation but further details are unknown.

We have fo be aware of the fact that activation of receptor-tyrosine kinases can also
lead to increased Ptdins cycle activity through phosphorylation and activation of the PLC p-
isozyme. {Fantl et af,, 1993). Al present the only evidence for the involvement of PLC-y in
induction of hypertrophy comes from FGF-induced activation of tyrosine kinases and MAP
kinases (Bogoyevitch ef af., 1994) and FGF-initiated growth of cardiomyocytes (Parker ef al.,
1990).

Ischemic preconditioning

Many studies have investigated the possible mechanisms involved in the infarctsize limiting
effect of preconditioning. Some of the most likely mechanisms for this protective effect are
discussed in recent reviews {Lawson and Downey, 1993; Cohen and Downey, 1993, Parratt,
1994) and involve the release of endogenous substances like adenosine, noradrenaline,
bradykinin and prostacyclin from the myocardium. It is now believed that the activation and
translocation of PKC during the preconditioning stimulus accounts for the ability of the
cardiomyocytes to "remember’ the ischemic episode thereby increasing the tolerance during
the subsequent prolonged ischemic pericd. PKC stays associated with the membrane for
about an hour after ischemia and can phosphorylate proteins early in a second ischemic
period thus mediating protection. The role of PKC in mediating protection was confirmed in
sludies where inhibitors of PKC blocked protection while pretreatment of the heart with
phorbolester mimicked preconditioning. Furthermore, it was found that muscarinic m,- and
a;-adrenergic agoenists are equipotent with adenosine in their ability to precondition the
myocardium {Cohen and Downey, 1993; Parratt, 1993). Howeaver, at present no data on
changes of Pidins cycle and PKC aclivation and ftranslocation are available in the
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preconditioned myocardium to support the PKC hypothesis.

PERSPECTIVES

In spite of the fact that several important advances have been made in understanding the
receptor-mediated signalling through the Ptdins cycle in the heart, we must concede that our
knowledge of the receptor-specific signaltransduction cascades is still very limited and is
hampered by the variability in responses observed at different developmental stages and/or
in different species. At many steps, G-protein- and PLC function, Ins(1,4,5)P,- and 1,2-DAG
metabolism, CaM-PK-, PKC- and MAPK(K) actions, the receplor-mediated signalling may
diverge. The composition of the regulatory G proteins that are interacting with specific
receptors is largely unknown. The distinct modes of aclivation, together with the intracellular
translocation of the various PKC species implies their specialized functions in the myocardial
response to hormones. For some growth factors the pathway responsible for the release of
ins(1,4,5)P, and 1,2-DAG begins with tyrosine receptors linked with PLC-y, a pathway which
needs to be elucidated. in addition, the identity and functions of the multiple targetproteins
of the various protein kinases have to be unravelled. Moreover, one should pay attention to
the "cross-talk” of the Ptdins cycle with other signalling pathways, e.g. PLD as this leads o
a long-lasting increase of 1,2-DAG levels with different fatty acid composition. Further
exploration of the networks of receptor-specific signalling via PtdIns cycle such as described
in this review is important for our understanding of the regulation of myocardial function.

ACKNOWLEDGEMENTS
Parts of this work were supported by the Netherlands Organization for Scientific Research
{NWO) and the Nethertands Heart Foundation,

35



The phosphaltidylinositol cycle

REFERENCES

Abdellatif MM, Neubauer CF, Lederer WJ, Roger TB, 1991. Angiotensine-induced desensitization of the
phesphoinositide pathway in cardiac cells occurs al the level of the receptor. Circ Res 69: 800-809.

Allen I3, Cohen NM, Dhallan RS, Gaa ST, Lederer WJ, Rogers TB, 1988, Angiolensin [l increases spontaneous
contractile frequency and stimulates calcium cusmrent in cultured neonatal rat heart muocytes: insight into the
underlying biochemical machanisms. Circ Res 62: 524-534.

AlLlen BG, Katz 8, 1891. Isolation and characlerization of the calcium-and phospholipid-dependent psotein kinase
(protein Kinase C} sublypes from bovine heart. Bicchemisfry 30: 4334-4343,

Allo SN, Mcdermott PJ, Carl LL, Morgan HE, 1991, Phorbolester stimulation of protein kinase C activity and
ribosomal DNA franscription: role in hypertrophic growth of cullured cardiomyocytes. J Biof Chem 268: 22003-
22009.

Back KJ, Das T, Gray C, Antar C, Murugesan G, Im M-J, 1893, Evidence that the G, protein is a signal
mediator form a-adienocepter to a phespholipase C, 1. Identification of a-adrenoceptor-cooupled G, family and
purification of G; from bovine heari. J Biol Chem 268: 27300-27397.

Barry WH, Bridge JHB, 1993. Intracellular calcium homeostasis in cardiac myocytes. Cire Res 87; 1808-1815.
Berridge M, 1993. Inositol trisphosphate and calcium signalting, Nafure 361: 315-325.

Bogoyevitch MA, ParkerPJ, Sugden PH, 1993a. Charactenzation of protein kinase C isotype expression in adult
rat heart. A protein kinase C-¢ is a major isotype present, and it is activated by phorbolesters, epinephrine and
endothelin. Circ Res 72: 757-767.

Bogoyevitch MA, Glennon PE, Sugden PH, 1993b. Endothelin-1, phorbol esters and phenylephrine stimulate
MAP kinase activitles in venlricular cardiomyocytes. FEBS Letf 317: 271-275.

Bogoyevitch MA, Glennon PE, Andersson MB, Ciark A, Lazou A, Marshall CJ, Parker PJ, Sugden PH, 1994,
Endothelin-1 and fibroblast growth factors stimulate the mitogen-activated profein kinase signalling cascade in
cardiac myocytes. J Biol Chem 269: 1110-1119.

Bonner Tl, 1989. The molecular basis of muscarinic receptor diversity. Trends Neurosci 12, 148-151.
Bordoni A, Biagl PL, Rossl CA, Hrella 8, 1991. Alpha,-stimulated phosphoinositide breakdown in cultured
cardiomyocyles: diacylglycerol production and composition in docosahexaenoic supplemented cells. Biochem
Biophys Res Commun 174: 869.877.

Brown JH, Jones LG, 1888. Phosphoinositide metabolism in the heant. In: Pulney JW ed, Phosphoinosifides and
receplor mechanisms. Alan Riss, New York, 245-270.

Brown JH, Martinson JH, 1892, Phosphoinositide-generated second messengers in cardiac signal transduction.
Trends Cardiovasc Med 2: 209-213.

Capogrosst MC, Kaku T, Filburn CR, Pelfo DL, Hansford RG, Spurgeon HA, Lakatta EG, 1990. Phorbolester
and dioctanoylglycerol stimulate membrane association of profein kinase C and have negalive inotropic effect
mediated by changes in cylosolic Ca® in adult ral cardiac myocytes. Circ Res 66: 11431155,

Capogrossi MC, Kachadorian WA, Gambassi G, Sfurgeon HA, Lakatta EG, 1991. Ca’*-dependence of a-
adrenergic effects onthe confraclile properties and Ca® homeostasis of cardiac myocytes. Cire Res 69; 540-550,
Castagna M, Takai Y, Kaibuchi ¥, Sano K, Sano K, Kikkawa U, Nishizuka Y, 1982. Direct activation of calcium-
activated, phospholipid-dependent protein kinase by tumor-promofing phorbolesters. J Biel Chem 257: 7847-7851.
Chien WW, Mohabir R, Clusin WT, 1990, Effect of thrombin on calcium homeoslasis in chick embryenic heart
cells. Receplor-operated calcium enfry with inositol trisphosphate and a pertussis toxin-sensilive G protein as
second messengers. J Ciin Invest 85, 1436-1443.

Chien KR, Knowlton KU, Zhu H, Chien 8, 1891. Regulation of cardiac gene expression during myocardial growth
and hypertrophy: molecular sfudies of an adaptive physiologic response. FASER J 6: 3037-3046.

Clement O, Puceat M, Walsh MP, Vassort G, 1992. Protein kinase C enhances myosin light-chain kinase effects
on force development and ATPase activity in rat singte skinned cardiac cells. Biochem J 286: 311-317.
Cohen MV, Downey JM, 1893. Ischaemic preconditioning: can the protection be botlled? The Lancet 342: 6.
De Chaffoy De Courcelles D, 1989. Is there evidence of a role of the phosphoinosite] cycle in the myocardium?
Mol Cell Biochem 88: 85-72.

Didsemeci A, Dhallan RS, Cohen NM, Lederer WJ, Rogers T8, 1988, Phorbolester increases calcium current
and simulates the effects of angiotensin If on cuitured neonatal rat heart myocytes. Circ Res 62; 347-357.
EckelJ, Gerlach-Eskuchen E, Reinauer H, 1891. Alpha-adrenoceptor-mediated increase In cytosolic free calcium
in isolated cardiac myocyles. J Mol Cell Cardiol 23: 617-625.

Fablato A, 1992, Two kinds of calclum-induced refease of calcium from the sarcoplasmic reticulum of skinned
cardiac cells. Adv Exp Med Biol 311, 245-262.

Fantl WJ, Johnson DE, Williams LT, 1993. Signalling by receptor tyrosine kinases. Annu Rev Bloctiem 62; 453-
481.

Fliegel L, Walsh MP, Singh D, Wong C, Barr A, 1992, Phosphorylation of the C-terminal domain of the Na*/H*
exchanger by Ca**/calmodulin-dependent protein kinase 1. Biochem J 282: 139-145.

36



Chapter 2

Fliegel L, Fréhlich O, 1993. The Na'/H" exchanger; an update on sfruciure, regulation and cardiac physiclogy.
Biochem J 286; 273-285.

Fuller 8J, Gaitanaki C.J, Hatchett RJ, Sugden PH, 1991. Acute #,- adrenergic stimutation of cardiac protein
synthesis may involve increased infracetlular pH and protein kinase activity. Biochem J 273: 347-353.

Fulier 8J, Johnson DE, Williams LT, 1992. Signalling by receplor tyrosine kinases. Annu Rev Biochem 62; 453-
481,

Furakawa T, lto H, Nitta J4, Tslullno M, Adach 8, Hiroe M, Marumo F, Sawanobori T, Hiracka M, 1992,
Endothelin-1 enhances calcium entry through T-fype calcium channels in cullured neonatal rat ventricular
myocytes. Cire Res 71: 1242-1253.

Furuichi T, Shiota C, Mikeshiba K, 1990. Distribution of inositol(1,4,5)-irisphosphate receptor mRNA in mouse
tissuss. 'FEBS Lelf 267: 85-88.

Gambassi G, Spurgeon HA, Lakatta EG, Blank PS, Capogrossi MC, 1992. Different effects of a- and 8-
adrenergic stmulation on cylosolic pH and myofilament responsiveness lo Ca®* in cardiac myocytes. Circ Res
71: 870-882.

Glembofski CC, [rons, Krown KA, Murray SF, Sprenkle AB, Sel CA, 1993. Myocardial a-thrombin receptor
aclivation induces hypertrophy and increases afrial natriurelic factor gene expression. J Blof Chem 268, 20646-
20652,

Gruver CL, George SEM, Means AR, 1982. Cardiomyocyte growth regulalion by Ca®.calmodulin. Trends
Cardiovase Med 2: 226-231.

Hamamori Y, Yokoyama M, Yamada M, Akita H, Goshima K, Fukuzaki H, 1990. 5-Hydroxytryptamine induces
phospholipase C-medialed hydrolysis of phospheinesitides through 8-hydroxylryptamine-2 receptors in cultured
fetal mouse ventricular myocytes. Circ Res 66, 1474-1483.

Hartmann M, Schrader J, 1992, Protein kinase C phosphorytates a 15 kDa profein but not phospholamban in
intact rat cardiac myocyles. Eur J Phanmacol 226: 226-231.

Hokin LE, Hokin MR, 1958, Phosphoinosilides and prolein secretion in pancreas slices J Biol Chem 233: 805-
810.

{kenouchi H, Bridge JHB, Lorrel BH, Zhao L, Barry WH, 1892, Effecls of angiotensin Il on [Ca®'], mofion Ca®",
and pH, in adult rabbit cardiomyocytes. Circulation 86 {Suppl! 111218,

Iniguez-luhi J, Kleuss C, Gilman AG, 1993, The importance of G-protein iy subunits. Trends Cell Biol 3: 230-
236.

lto H, Hirala Y, Hirce M, Tsujino M, Adachi 8, Takamoto T, Nitta M, Taniguchi K, Marumo F, 1991.
Endothelin-1 induces hyperirophy with enhanced expression of muscle-specific genes in cultured neonatal rat
cardiomyocytes. Circ Res 69: 208-215.

Ito H, Hirata Y, Adachl S, Tanaka M, Tsujino M, Koike A, Nogami A, Marumeo F, Hirce M, 1993. Endothelin-1
is an aulocrine/paracine factor in the mechanism of angiotensin Il-induced hyperrophy in cullured rat
cardiomyocytes. J Clin Invest 92: 398-403.

Iwakura K, Hori M, Watanabe Y, Kitabatake A, Cragoe EJ, Yoshiba EJ, Kamada T, 1990. ,- Adrenoceptor
slimulation increases intracellutar pH and Ca® in cardiacmyocytes through Na*/H* and Na*/Ca®" exchange. Eur
J Phamacol 186: 29-40.

Jhon D-Y, Lee H-H, Park D, Lee C-W, Lee K-H, Yoo OJ, Rhee SG, 1993. Cloning, sequencing, purification, and
G -dependent activation of phospholipase C-8;. J Biol Chem 268: 6654-6661.

Jones LG, Goldstein D, Brown JH, 1988, Guanine nucleolide-dependent inositel irisphosphate production in
chick heart cells. Cire Res §2, 299-305.

Kaku T, Lakatta EG, Filburn, 1931. a-Adrenergic regulation of phosphoinositide metabolism and protein kinase
C in isolaled cardiac myocytes. Am J Physiol 260: £635-C642

Kariya KI, Karns LR, Simpson PC, 1892. Expression of a constitutively activated mutant of the f-isozyme of
protein kinase C in cardiac myocyles slimulates the promotor of the g-myoesin heavy chain. J Biol Chem 266:
10023-10028.

Kem DC, Johnson EIM, Capponi AM, Chardonnens D, Lang U, Biondel B, Koshide H, Valloton MB, 1891,
Effecty of angiotensin |l on cytosdlic free calcium in necnatal rat cardiomyocytes. Am J Physiol 261: C77-C85,
Kentish JC, Barsotti RJ, L.ea TJ, Mulligan JP, Patel JR, Feranczi MA, 1990. Calcium releass from cardiac
sarcoplasmic reticulum induced by photorelease of calcium or ins(1.4,5)P,. Am J Physiol 258: H610-H515.
Kijima Y, Saito A, Jetton, Magnuson MA, Fleischer 8, 1993. Different intracellular localization of inositol 1,4,5-
trisphasphate and ryanodine recepfors in cardiomyocytes. Jf Biol Chem 268: 3499-35086.

Knowlton KU, Michel MC, ltani M, Shubeita BE, Ishoihara K, Brown JH, Chien KR, 1993, The «,-adrenergic
receplor sublype mediales biochemical, molecular and morphologic features of cullured myocardiat cell
hyperirophy. J Biol Chem 268, 15374-15380.

Kohl C, Schmifz W, Scholz H, Scholz J, 1990. Evidence for the existence of inositol tetrakisphosphate in
mammalian heart. Eifect of a,-adrenoceplo stimulation. Circ Res §6: 580-583.

Kohmoto O, lkenouchi H, Hirata Y, Momomura 8, Serlzawa T, Barry WH, 1993. Varable effects of endothelin-1

37



The phosphatidylinosftol cycle

on [Catz']i transients, pH, and concentration in ventricular myccytes. Am J Physiol 265 (Heart Cire Physlol 34):

H793-HB80O0.

Komural, Yazaki Y, 1993. Confrol of cardiac gene expression by mechanical stress. Annur Rev Physiol 55: 65-75.

Lamers JMJ, Stinfs JT, 1982. Alamethicin effects on phosphorylation of a cardiac sarcolemmal fraction

predominantly consisting of right-side out vesicles. In: CALDARERA CM, HARRIS P, eds, Advances in studies

on heart melabolism, CLUEB, Bolegna, 41-47.

Lamers JMJ, Dekkers DHW, De Jong N, Melj JTA, 1892. Modification of fatty acid composition of the

phosphotipids of cullured rat ventricular myocytes and the rate of the phosphatidylinosito! (4,5)-bisphosphate

hydrolysis. J Mo! Cell Cardiol 24: 605-618.

Lamers JMJ, De Jonge HW, Panagia V, Van Heugten HAA, 1993a. Receptor-mediated signalling acting through

hydrolysis in membrane phospholipids in cardiomyocyles. Cardioscience 4: 121-131.

Lamers JMJ, Dekkers DHW, Mesaeli N, Meij JTA, Panagia V, Van Heugten HAA, 1093b. Myocardial

phosphoinositides do not share the same falty acid profile. Biochem Biophys Res Commun 191: 487-494.

Lawson CS, Downey JM, 1993. Preconditioning: state of art myocardial profection. Cardiovasc Res 27: 542-550,

Lee CH, Park D, Wu D, Rhee 5G, Simon MI, 1992. Members of the G, « subunit gene family aclivate

phospholipase C-i§ isoenzymes. J Biol Chem 267: 16044-16047.

Lindemann JP, 1986, a-Adrenergic stimulation of sarcolemmal protein phosphorylation and slow responses in

intact myocardium. J Biol Chem 261: 4860-4867.

Long CS, Henrich CJ, Simpson PC, 1891, A growth factor for cardiac myocytes is produced by cardiac

myocyles, Celf Regu! 2, 1081-1085.

Marks AR, Tempst P, Chadwick CC, Riviere L, Flelscher S, Nadal-Ginard B, 1990, Smooth muscle and brain

Inositol 1.4,5-trisphosphale receptors are structurally and functionally similar. J Biol Chem 265 20719-20722.

Mcdonough PM, Brown JH, Glembotskl CC, 1893. Phenylephrine and endothelin differentiall stmulate P}

hydrolysis and ANF expression. Am J Physiol 264 (Heart Circ Physlol 33). H625-H630.

McMorn SO, Harrison SM, Zang W-J, Yu X-J, Boyett MR, 1993. A direct negative inofropic effect of

acelylcholine on rat ventricular myocyles. Am J Physfol 265 (Heart Cire Physiol 34). H1393-1400.

Meij JTA, Lamers JMJ, 1989, Phorbolester inhibils o-adrenocepior-mediated phosphoinositide breakdown in

cullured neonatal rat ventricular myocytes. J Mol Ceif Cardiol 21: 661-668.3

Michell RH, 1975. Inositol lipid and cell surface recepler funclion. Biochim Blophys Acta 415: 81-147.

Migneri GA, Newlen CL, Archer IHBT, Stdhof TC, 1990, Structure and expression of the ral inosifol 1,4,5-
{risphosphate receplor. J Biol Chem 265: 12679-12685.

Mills A, Duggan MJ, 1893. Orphan seven transmembrans domain receptors: reversing pharmacology. Trends

Phamacol Scif 14, 394-386.

Mochly-Rosen D, Henrich CJ, Cheever L, Khaner H, Simpson PC, 1990. A protein kinase C Isozyme Is

transiocated to cytoskeletal elements on activation. Celf Regufation 1: 693-706.

Molina-Viamonte V, Anyukhovsky EP, Rosen MR, 1991. An «,-adrenergic receplor sublype is responsible for

detayed afterdepolarization and triggerd activity during ischemia and reperfusion of Isolated canine Purkinje fibers.

Cirz B4, 1732-1740, 1991,

Morgan HE, Baker KM, 1991, Cardiac hyperrophy. Mechanical, neurat and endocrine dependence Cire Res 83:

13-25.

Movsesian MA, Nishikawa M, Adelsteln RS, 1984. Phosphorylation of phospholamban by calcium-activated,

phosphelipid-dependent protein kinase. Stimulation of cardiac sarcopfasmic reticulum calcium uptake. JBiol Chem

259: 8020-8032.

Nahorski SR, Ragan I, Challss RAJ, 1691, Lithium and the phoesphoinositide cycle: an example of uncompetitive

inhibilion and its phamacological consequences. Trends Biochem Sci 12 297-303.

Neer £, Clapham DE, 1992, Signat fransduction through G-proteins in the cardiac myocyle. Trends Cardiovasc

Med 2: 8-11.

Neyses L, Nouskas J, Vetter H, 1991, [nhibiticn of endothefin-1 induced myocardial protein synthesis by an anti-

sense oligonucleotide against the early growth repons gene-1. Biochem Biophys Res Comm 181: 22.27.

Nishfzuka Y, 1992, Infracellular signaling by hydrolysis of phospholipids and activation of protein kinase C.

Science 258: 607-614.

Noland TA, Kuo JF, 1991. Prolein kinase C phosphorylation of cardiac troponin | or troponin T inhibits Ca™

stimulated actomyosin MgATPase activily. J Biol Chem 266: 4974-4978.

Noland TA, Kuo JF, 1993. Protein kinase C phosphorylation of cardiac troponin | and fropinin T inhibits Ca®"-

slimulated MgATPase activity in reconstituted aclomyosin and isolated myofybiils, and decreases actin-myosin

interactions. J Mol Cell Cardiol 25: 63-65.

Okazaki H, Ischizaki N, Sakurai T, Kurokaa K, Goto ¥, Kumada M, Takuwa Y, 1993. Molecular cloning of a

novel putative G protein-coupled receptor expressed in the cardiovascular system. Biocftem Biophys Res

Commun 180, 1104-1109.

Parker TG, Chow K-L, Schwartz, RJ, Schnieder MD, 1990. Differentiat regulation of skeletal a-actin transcriplion

38



Chapter 2

in cardiac muscle by two fibroblast growth faclors. Proc Nalf Acad Sci USA 8T: 7066-7070.

Parker TG, Chow K-L, Schwartz RdJ, Schneider MD, 1992, Positive and negative control of the skeletal g-actin
promotor In cardiac muscle. J Biof Chem 267 3343-3350.

Parratt JR, 1994. Protection of the heart by ischasmic preconditioning: mechanisms and possibilities for
pharmacological exploitation. Trends Phamnacol Sci 16: 19-26.

Presti CF, Scott BT, Jones LR, 1985. ldentification of an endogenous protein kinase C aclivity and its inlrinsic
15-kilcdalton subslrate in purified canine cardiac sarcolemmal vesicles. J Biel Chem 260: 13879-13889.
Pucéat M, Clément O, Terzic A, Vassort G, 1993, a,- Adrencceptor and purinocepier agonists modulate Na-H
antiport in single cardiac cells. Am J Physiof 264 {Heart Circ Physiol 33} H310-H319.

Renard D, Pogaioli J, 1987. Does the inositol frisfletrakisphosphate pathway exist in rat heart? FEBS Loft 247:
117123,

Renard D, Poggloll J, 1980. Mediation by GTPyS and Ca® of inositol trisphosphate generation in rat heart
membranes. J Mol Celf Cardiol 22: 13-22

Rhee SG, Chol KD, 1992, Regulation of inositol phospholipid-specific phospholipase C isoenzymes. J Biol Chem
267, 123939-12396.

Regers TB, Gaa T, Massey C, Ddsemeci A, 1990. Profein kinase C inhibits Ca®* accumutation in cardiac
sarcoplasmic reticulum. J Biol Chem 265: 43024308,

Sadoshima J-, lzumo S, 1993a. Molecular characterization of the angiotensin ll-induced hyperirophy of cardiac
myocyles and hyperplasia of cardiac fibroblasts, Critical role of the AT, receplor sublype. Circ Res 73: 413-423.
Sadoshima J4, lzumo S, 1993b. Signal transduction pathways of angiotensin Il-induced c-fos gene expression
in cardiac myocytes In vilro. Roles of phopholipid-derived second messengers. Cire Res 73: 424-438.
Sadoshima J-}, Izumo S, 1993c. Mechanical stretch rapidly activates mulliple signal fransduction pathways in
cardlac myocytes: potential involvement of an autocrine/paracrine mechanism. EMBO J 12: 1681-1692.
Sakurai T, Yanagisawa M, Masaki T, 1992. Molecular characterization of endothelin receptors. Trends Pharmacol
Sci 13: 103-108.

Sechi LA, Griffin CA, Grady EF, Kalinyak JE, Schambelan M, 1992, Characterization of anglolensin Il receptor
subtypes in rat hearl. Circ Res 71, 1482-1489.

8ei CA, lrons CE, Sprenkle AB, Mcdonough PM, Brown JH, Glembolski GC, 1991, The e-adrenergic
slimutation of atrdal natriuretic factor expression in cardiac myocytes requires calcium influx, protein kinase C, and
calmodulin-regulated pathways. J Blol Chem 266: 15910-15916.

Shubsita HE, Mcdonough PM, Harris AN, Knowiton KU, Glembotski CG, Brown JH, Chien KR, 1990.
Endothelin induction of inositel phospholipid hydrolysis, sarcomere assembly, and cardiac gene expression in
ventricufar myocytes. J Biol Chem 265 20555-20562.

Shubeita HE, Martinson EA, Van Bilsen M, Chien KR, Brown JH, 1892, Transcriptional activalion of the cardiac
myosin light chaln 2 and abiial natriuretic factor genes by protein kinase C in neonatal rat venlicular myocytes.
Proc Nafl Acad Sci USA 89: 1305-1309.

Steinberg SF, Kapian LM, inouye T, Zhang JF, Robinson R, 1989, a,-Adrenergic stimulation of 1,4,6 inositol
trisphosphate formation in ventricular. J Phammacol Exp Ther 250: 1141-1148

Stelnberg SF, Robinson RB, Liebherman HB, Stern DM, Rosen MR, 1981. Thrombin modulales phosphoinositide
metabotism, cylosolic calcium, and the impulse initiation in the heart. Circ Res 68 1216-1229.

Suzuki T, Hoshi T, Sasaki B, Mitsui Y, 1981. Endothefin-1 stimulates hyperfrophy and contraclility of neonatal
rat cardiac myccyles in a serum-free medium. . J Cardiovasc Pharmacol 17 (suppl 7): §182-5186.

Suzuki T, Kumazaki T, Mitsui Y, 1993, Endothelin-1 Is produced and secreled by neonatal rat cardiac myocyles
in vitro. Biochem Bjophys Res Commun 191, 823-830.

Talosi L, Kranias EG, 1992, Effect of g-adrenergic slimulation on aclivation of profein kinase C and
phosphorylation of proteins in intact rabbit hearls. Circ Res 70. 670-678.

Terzic A, Pucéat A, Vassort G, Vogel SM, 1993, Cardiac a,-adrenoceptors: an overview. Pharmacol Rev 45:
147-175.

Timmermans PBMWM, Wong PC, Chiu AT, Herblin WF, Benfield P, Carini DJ, Lee RJ, Wexler RR, Saye
JAM, Smith RD, 1993. Angiotensin il receptors and Angiotensin Il recepior antagonisfs. Pharmaco! Reviews 45,
205-281.

Van Heugten HAA, Bezstarostl K, Dekkers DHW, Lamers JMJ, 1993. Homelogous desensitization of the
endolhelin-1 receptor mediated phosphoinositide response in cultured neonatal rat cardiomyocyles. J Mof Celf
Cardiol 25: 41-52.

Van Heugten HAA, De Jonge HW, Bezstarosti K, Lamers JMJ, 1994, Calcium and the endothelin-1 and a;-
adrenergic stimulated phosphatidylinesitot cycle in cultured rat cardiomyocytes. J Mol Celf Cardiol, 26, 1081-1093.
Venema RC, Raynor RL, Noland TA, Kuo JF, 1993, Role of protein kinase C in the phosphorylation of cardiac
myosin light chain 2. Biochem J 284: 401-406.

Ventura C, Guarnieri C, Stefanelli C, Corrada C, Lakafta EG, Capogrossi MC, 1891. Comparison between
alpha-adrenergic-and K-oploidergic-madiated inositol{1,4,5)P finositol(1,3,4,6)P, formation In adult cultured rat

39



The phosphalidylinositol cycle

ventricular cardiomyocytes. Biocher Biophys Res Commun 179: 972-978.

Verma A, Hirsch DJ, Snyder SH, 1992. Calcium pools mobitized by calcium or inosito! 1,4,5-frisphosphate are
differentially localized in rat heart and brain. Mof Biof Cell 3: 621-631.

Vigne P, Breltmayer JPM, Marsault R, Frelin C, 1980. Endothelin mobilizes Ca** from a caffeine- and ryonadine
insensitive intracellular pool in rat atrial cells. J Biof Chemislry 265 6782-6787,

Wang DL, Chen JJ, Shin NL, Kao YC, Hsu KH, Huang WU, Liew CC, 1982, Endothelin stimulates cardiac a-
and #-myosin heavy chain gene expression. Biochem Biophys Res Comm 183: 1260-1286.

Witcher DR, Kovacs Rd, Schulman H, Cefali CD, Jones LR, 1881, Unique phoesphorylation site on the cardiac
ryancdine receptor regulates calcium channe! activity J Biol Chem 266: 11144-11152,

Woodcock EA, Tanner JK, Futlerton M, Kuraja IJ, 1992. Differential pathways of inositol phosphate metabolism
in intact neonatal rat hearts and isclated cardiomyocytes. Biochem J 281: 683-688.

Woodcock EA, Anderson KE, 1993. Inositol phosphates in rat alda and the importance of the extraction
procedure. J Mol Celi Cardiof 26: 215-227,

Woodcock EA, Land SL, Andrews RK, 1993, A low affinity, Jow malecular weight endothelin-A receptor present
in neonatal rat hearl. Clin Exp Phamacol Physiol 20, 331-334.

Zhu Y, Nosek TM, 1991. Inositol trisphosphate enhances Ca?induced Ca®* release from cardiac sarcoplasmic
reticulum. Pflugers Arch 418: 1-8.

40



Chapter 3

CALCIUM AND THE ENDOTHELIN-1 AND a,-ADRENERGIC STIMULATED
PHOSPHATIDYL INOSITOL CYCLE IN CULTURED RAT CARDIOMYOCYTES

H.A.A, Van Heugten, HW. De Jonge, K Bezstarosti and J.M.J. Lamers
Department of Biochemistry, Cardiovascufar Research Institule (COEUR), Facuily of

Medicine and Health Sciences, Erasmus Universily Rofterdam, 3000 DR Rotlerdam, The
Netherlands

J Mol Cell Cardiol, 26, 1081-1093, 1994



Calcium and the stimulated phosphalidyfinositol cycle

ABSTRACT

Cultured neonatal rat cardiac myocyles have been utilized as a model for the study of the
effect of variations in cytoptasmic free Ca?* on the activity of phospholipase C, a key enzyme
in agonist-stimulated signal transduction through the phosphoinositide pathway. Cells
prelabelled with [°H]inositof were exposed to various agents in an attempt to modulate the
cytoplasmic free Ca?* concentration and the formation of {*Hlinositoiphosphates (15-30 min)
in the presence of Li' was taken as a measure for phospholipase C activity. Not the basal
but the endothelin-1 (10® M} induced [PHlinositolphosphate production (15 min) was
stimulated 1.54- and 1.43- fold by A23187 (10 uM external Ca®) and 50 mM K* (1.3 mM
external Ca?*) treatment of cells respectively. The phenytephrine (10 M) induced response
was also stimulated (1.35-fold) by A23187, however it was 43 % inhibited by high K.
Cuabain (10 M) treatment of cells did not affect either basal or agonist stimulated
phosphoinositide turnover. On the other hand, total removal of external free Ca?* by addition
of 50 pM ethylene glycol bis(-amincethyl ether) N,N,N',N’-tetraacetic acid strongly inhibited
(75 %) the endothelin-1 induced but not the basal phospholipase C activity. Endothelin-1
binding to its receptor was shown not to be inhibited by the absence of external Ca?* while
resynthesis of [*H]phosphatidylinositol 4,5-bisphosphate was not rate-fimiting under this
condition. The lack of external Ca®* eventually resulted in total standstill of the ET-1 induced
Ptdins turnover after 30 min. Although not always as predicted, effects on basal and
agonist-activated phospholipase C were observed too when cells were treated with low Ca%*
medium, Ca?* entry blocker nifedipine (1 uM) or Ca?*-channel agonist Bay K8644 (1 uM) but
most of these effects were only seen after 90 min incubalion. Fluorometric (fura-2)
measurements showed that tolal removal of extemnal free Ca®" for a short period decreased,
while short exposure to high K increased cytoplasmic free Ca®* but neither Ca®" free buffer
or nifedipine nor Bay K8644 had any effect. Furthermore, in saponin-permeabilized
cardiomyocytes we could demonstrafe that basal as welf as GTPyS (30 pM) stimulated
phospholipase C activity was strongly activated by free Ca®* in the concentration range of 0.1
fo 10 pM. We conclude that in the intact cardiomyocyle the signalling pathway through
phospholipase C/phosphatidylinositol 4,5-bisphosphate, stimulated by agonist-receptor
interaction that activates GTP-binding proteins as does GTPYS, is likely to be a Ca®
dependent process.

INTROBUCTION

In heart, signal transduction through the phosphatidylinositol (Ptdins} pathway plays an
important role in regulation of inotropy and the development of hyperirophy (Brown, ef al.,
1992; Morgan and Baker, 1991). Receptors for e.g. endothelin-1 (ET-1), angiotensin H and
phenylephrine (PHE), were shown to be coupled to this signal fransduction pathway.
Activation of phospholipase C (PLC) by agonist binding to the GTP-binding protein
(G-protein}) coupled receptors results in generation of the second messengers
1,2-diacylglycerol ((1,2)DAG) and inositol 1,4,5-trisphosphate (Ins(t,4,5)P;) by the hydrolysis
of phosphatidylinositol 4,5-bisphosphate (PtdIns{4,5)P,). Ins(1,4,5)P, releases Ca®* from
internal stores while this increase in eytoplasmic free Ca®* concentration ([Ca®*(..];) together
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with elevated (1,2)DAG levels activates protein kinase C, a key enzyme in regulation of
cellular functions as e.g. in the transcriptional control during the development of hypertrophy
{Morgan and Baker, 1991).

In various cell types it was shown that Ca** has profound effects on PLC activation either
directly or by potentiafing the receptor-mediated response {Abdel-latif, 1986; Cockeroft and
Thomas, 1992). The direct effects of Ca* occur both in the physiological micromolar range
as well as at high millimolar levels which are of less relevance for the intact cell. Potentiation
of receptor-mediated stimulation of PLC by Ca®' occurs at micromolar levels (Abdel-lafif,
1986; Cockcroft and Thomas, 1992), The myocardial studies available used fwo different
approaches to show the Ca®' dependence of PLC: isolated membrane preparations
(Schwerz, ef al., 1987; Schwerz and Halverson, 1989; Edes and Kranias, 1990; Renard and
Poggioli, 1990) and saponin-permeabilized cells (McDonough, ef al., 1988; Jones and Brown,
1988). In three of these studies the reported membrane-bound PLC activity was found to
require Ca®* in the absence of GTP analog, however these Ca®* levels were well above the
normal cytoplasmic range (Schwertz, ef al., 1987; Schwertz and Halverson, 1989; Edes and
Kranias, 1990). Other investigations demonstrated that only during stimufation of PLC by
G-protein the Ca®* sensitivity of the enzyme was in the physiological range (Renard and
Poggioli, 1990; McDonough, ef al., 1988; Jones and Brown, 1988). Therefore, it hecame
important to obtain answers to the following questions for intact cardiomyocytes: (i} does an
increase of cytoplasmic free Ca?* stimutate basal PLC activity? and (i} doss the elevation of
[Ca” ..} have a feedforward stimulatory role in the receptor-mediated activation of PLC?

The [Ca®*..]; rises from 100 to several hundred nM during each cardiac cycle, so
contractile-associated Ca®" transients could normally induce Ptdins(4,5)P, hydrolysis.
Mechanical loading of cultured cardiomyocytes results in the aclivation of Pidins(4,5)P,
hydrolysis and this effect may be caused by alterations of the [Ca\z*free]i (Komura, ef al.,
1990}, After ET-1 stimulation of cardiomyocytes Ca®* was transtently increased (Vigne, ef al.,
1990; Hirata, of al., 1989) suggesting that PLC fluctuates accordingly. Another implication of
regulation of PLC by Ca®' is of pathophysiological relevance as during myocardial
ischemia-reperfusion the development of intraceliular CaZ* overload might cause activation
of PLC. The product of PLC activation Ins(1,4,5)P, on its turn might induce release of Ca**
from the sarcoplasmic reticulum thereby aggravating the Ca**-overload which is belisved to
be causally related to myocardial injury (Lee and Allen, 1991). Indeed, several reports have
shown that basal and a,-adrenergic agonist-induced PtdlIns(4,5)P, hydrolysis is increased
during myocardiat hypoxia or ischemia-reperfusion (Otani, ef al., 1989; Mouton, et al., 1991;
Heathers, ef al., 1989).

We used intact cultured neonatal rat vendricttlar myocytes as a model system to study the
effect of variations in [Ca®*,.J; on the activity of PLC. It was shown that agonist (ET-1 or
PHE}-induced generation of inositol phosphates (insP.) Is modulated by protocols
{depotarization by high K* concentration or Ca?* chelation by ethylene glycol bis{R-aminoethyl
ether} N,N,N'N'-tetraacetic acid (EGTA)) that were demonstrated by fura 2 fluorescence
measurements to respeclively raise or lower cytosolic levels of Ca?" in intact cultured
neonatal rat ventricular cardiomyocytes, Ca®* jonophore A23187 in the presence of
micromolar Ca®* was also shown to stimulate agonistinduced InsP, accumulation.
Furthermore, in saponin-permeabilized cardiomyocytes Ca®* concentrations of 0.1 to 10 uM
were shown to strongly stimulate basal as well as G-protein activated phospholipase C
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aclivity. The cytoplasmic free Ca®* concentration may play a regulatory rofe in the
receptor-mediated Ptdins turnover particularly when Ca®' increases due to the Ca?*
mobilizing action of Ins(1,4,5)P3.

MATERIALS AND METHODS

Reagents

Culiure dishes (4 well multidish) were obtained from Nunc (Roskilde, DK). Cell culture
medium Ham F10 was obtained from Gibco {UK), while fetal calf serum, horse serum and
penicillin/streptomycin was from Boehringer Mannheim (Germany) as was Ca®* ionophore
A23187. Trypsin (type HI} was from Sigma (St Louis, USA) as were PHE and
phosphoinositide standards. ET-1 was obtained from Peninsula Laboratories (Belmont CA,
USA). Fura 2-AM was from Molecular Probes (Eugene, OR, ASU) while ionomycin was from
Calbiochem (USA) Bay K1040 (nifedipine) was from Bayer (Leverkusen, Germany), Bay
K8644 was obtained from Pharmuka Laboratories (Gennevilliers, France) while g-strophanthin
{ouabain) was from MERCK (Darmstadt, Germany). Myo-{2-*Hlinositol (17.5 CifmMol) was
from Amersham International PLC (Amersham, UK) and Dowex AG 1-X8 (200-400 mesh,
formate form) was from Bio-Rad Laboratories (Richmond CA, USA) while En*Hance was from
NEN (Boston, USA).

Cell culture

Primary cultures of neonatal ventricular myocytes were prepared from 1-2 day old Wistar rats
as described before (Yagev, ef al., 1984) using preplating (Blondel, et af,, 1971) to furher
increase cardiomyocyte to non-myocyte ratio. Cardiomyocyies were seeded in 1.9 em? wells
at 150 to 175 x 10° cells/fem? giving a confluent monolayer of spontaneously contracting cells
after 24 hours. The cells were maintained at 37°C and 5% CO, in complete growth medium
consisting of Ham F10 supplemented with 10% fetal calf serum, 10% horse serum, 100 U
penicillin/mt and 100 pg streptomycin/ml. Growth medium was renewed 24 hours after
seeding and every 48 hours thereafter. Experiments were routinely performed 5 or 6 days
after plating of the cells.

Measurement of water-soluble inositolphosphates and inosftol-containing lipids

Cardiomyocytes were labelled with 2 pCi myo-[2-*Hiinositol/ml for 24 hours in complete
growth medium containing 3 M inositol. Prior to performing the experiments, the cells were
washed with incubation buffer (130 mM NaCl, 4.7 mM KCI; 1.3 mM CaCl,; 0.44 mM
NaH,PQ,; 1.1 mv MgSO,; 20 mM NaHCO,; 11 mM glucose; 20 mM HEPES; pH 7.4, 37°C
and aerated with 5% CQO,). Thereafter, the cells were Incubated as described in the legends
to the figures. Incubations were terminated by rapidly washing the cells with ice-cold buffer
followed by two successive exiractions with ice-cold 4% (wiv) HCIC,. Lipids were
subsequently extracted by incubation with ice-cold methanol:12 M HCI (100:1). The HCIO,
extract, containing water-soluble products, was neutralized by addition of a solution of 2 M
KOH and 1 M K,CO, Lipids were extracted from the methanolHCI fraction by
phase-separation after addition of 1 volume of chloroform and 0.5 volumes of 2.5 M HCI. The
resulting organic (lower) phase was reextracted once with 1 volume of
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chloroform:methanol:0.6 M HCI{3:48:47 v/viv) and used for lipid analysis as described below.
The total cellufar amount of myo-{2-*Hjinositol-containing compounds (defined as the sum of
water-soluble inositol-containing products together with inositol-containing lipids) was constant
during the experiments. The [°HJinosito! phosphates (IGH}EnsPn) were separated from
{*MJinositol and [*H]glycero-phosphoinositol by chromatography on Dowex AG 1-X8 as
originally described by Berridge, ef al. (1982). [PH]Inositol and [*H]glycero-phosphoinositol
were eluted with water and 5 mM Borax in 30 mM CHOONa respectively. Total [SHjinsPn was
subsequently efuted with 1.0 M CHOONH, in 0.1 M HCOOH.

The [3H]inositol-containing phospholipids Ptdins, phosphatidylinositol 4-monophosphate
(Pidins(4)P) and Ptdins(4,5)P, in the organic phase were analyzed by thin layer
chromatography on Silica gel 60 plates (MERCK) in chloroform:acetone:methanol:acetic
acid:water (40:15:13:12:8 viviviviv) as described (Jolles, ef al., 1981) and were visualized by
fluorography after spraying with En®Hance. Quantification of the separate inositol-containing
lipids was carried out by scraping the spots off the plates and counting the scrapings in
scintiflation cocktait.

Inositol phosphate production in permeabilized cardiomyocytes

Cardiomyocyles were isolated and cultured as described above. After labelling with 2 uCi
myo-{2-*Hjinositol/imi for 24 hours the cells were washed with phosphate buffered saline
(37°C) and subsequently permeabilized for 5 min with intraceliular buffer (20 miM HEPES;
10 mM NaCl; 110 mM KCE 1 mM KH,PO4 mM MgCly; 1 mM EGTA; 3 mM ATP; 8 mM
creatine phosphate; 6 U creatine kinase/ml; pH 7.0) with 100 ug saponin/ml. Hereafter, the
cells were washed 3 three fimes with intracellular buffer lacking saponin and fresh
intraceliutar buffer containing 10 mM LiCl with Ca®* and GTPyS as required was added.
Permeabilized cells were incubated for 15 min at 37°C, buffer was collected and cells were
extracted with PCA and methanol/HCI as described above. As >80% of InsPn was seen to
be present in the buffer {(not shown), both buffer and PCA extract of the cells were analyzed
by Dowex AG 1-X8 chromatography as described above.

Measurement of intracellular free Ca®* concentration
Cardiomyocytes were grown on glass cover slips essentially as described above. After
washing with incubation buffer (see above) the cells were loaded for 60 min at 37°C with 2

i fura-2 AM in the presence of 2.5 mM probenicid. Subsequently, the cover slip was
washed with incubation buffer and inserted in a holder tightly fitting into a quartz cuvetie

containing 2 mi incubation buffer. The cuvetlte was placed in a Perkin- Elmer LS-3B
fluorescence spectrometer with a thermostated (37°C) cuvefte holder. Fluorescence was
continuously recorded at 510 nm using excitation wavelengths of 340 and 380 nm. The ratio
of the fluorescence elicited at 340 nm (Fy4q ,,,} @and 380 nm (Fyg4 ) Was determined and
taken as measure of the cytoplasmic free Ca®* level. Calibration of the fluorescence signal
was petformed after each assay by addition of 2.5 xM ionomycin to obtain maximal ratio that
ranged from 1.26 to 6.44. Hereafter, 10 mM EGTA was added to obtain the ratio at minimal
Ca®* saturation of the fluorescent dye (i.e. 0.93 £ 0.02, n=15). Maximal ratio values were
variable, therefore absolute Ca®* concentrations could not be determined. Before starting the
treatment, the cells were incubated for 15 min in buffer. During both periods Fy,, . and Fag,
om Were determined several times and averaged.
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Statistical analysis
Data were evaluated for statistical significance by one-way or multivariate analysis of variance

where applicable.

RESULTS

Effects of agents that modulate cytoplasmic free Ca** on basal PLC activity

To determine whether Ptdins(4,5)P, hydrolysis in unsfimulated neonatal rat ventricufar
myocytes can be activated by an increase in {Caz*free]i, cells prelabelled with PH]inositol were
exposed to the Ca®* ionophore A23187 at different Ca®* concentrations in the presence of
LiCl (Table 1). Li' (10 mM) was routinely added in order to block inositol mono- and
bisphosphatase and {o take the accumulation of total {3H]InsF’n (after incubation for 15 min}
as a measure for PLC activity (van Heugten, ef al, 1992; Meij and Lamers, 1989; Lamers,
et al, 1992). Increasing the extracellular Ca®* (10-100 pM) well above physiological
intracellufar levels in the presence of Ca®* ionophore A23187 did not result in activation of
InsP, accumulation above basal values (Table 1). The possibliity that the [Ca®", ] was
already optimatl for PLC activity was investigated by total removal of externat free [Ca®']
through the addition of 50 uM EGTA to Ca?* free medium. Even this drasfic treatment of the
cells did not significantly affect the basal InsP,, production (Table 1).

Table 1. Effect of agents modulating [Ca®.,), on basal PLC activity in rat neonatal cardiomyocytes.

Gondition [PHinsP,, levels n
1.3 mM Ca®* 1.03 £ 0.07 13
0 uM Ca®t, 1 pM A23187 0.90 + 0.06 6
1 pM Ca®, 1 uM A23187 1.10 + 0.09 12
10 uM Ca®, 1 uM A23187 1.08 + 0.08 1
100 pM Ca®*, 1 uM A23187 1.10 1 0.08 13
0 uM Ca®*, 50 uM EGTA 0.91 + 0.02 4

Cardiomyocytes were prelabelled for 24 hours with myo-[2-*Hlinositol. Cells were washed with Ca®*
free incubation buffer and incubated for 15 min in the presence of 10mM LiCl with buffer containing
1.3 mM Ca?*, with buffer containing 1 #M Ca® ionophore A23187 and different Ca®* concenfrations
as indicated, or with 50 pM EGTA in Ga®* free buffer. Extraction and quantification of {3H]InsPn levels
by Dowex chromatography were performed as described in Materials and Methods. [3H]!nsPrl levels
are expressed as percentage of total cellular [2-3H]Enositol {defined as the sum of waler-soluble
inositol-containing products together with inositol-containing lipids). n refers to the number of
experiments (mean + S.E.).
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Figure 1. Effect of agents modulating [Ca®,.}, on basal or ET-1- and PHE-stimulated PLC activity.
A) After labelling for 24 hours with myo-[2-*Hlinositol, cells were washed with Ca®" free buffer and
incubated for 15 min in the presence of 10mM LiCl with buffer containing 1.3 mM ca® (“control"y or
with buffer containing 1 pM Ca®* ionophore A23187 and various Ca®* concentrations as indicated.
Subsequently cells were slimulated as described below; B} After labelling for 24 hours with
mya-[2-*Hjinositol, cells were washed with normat buffer and subsequently incubated for 16 min in the
presence of 10 mM LICI in incubation buffer with 4.7 mM KCi ("control") or with 50 mM KCI ("KCI").
Subsequently cells were stimulated for 15 min by addition of buffer (dotted bars), of ET-1 to 108 M
{hatched bars) or of PHE to 10° M (cross-hatched bars). Cells were extracted and InsP, levels were
determined as described in Materials and Methods. ["H]InsPI1 levels are expressed as percentage of
total ceflular [2-°H]inosilol {defined as the sum of water-soluble inositol-containing products together
with inositol-containing lipids). Data are expressed as mean + S.E. {n=8 for buffer and n=12 for agonist
stimulations). *, P<0.05 and **, P<0.005 versus contro! stimulation with the same agonist.

Effects of agents that increase cyfoplasmic free Ca** on agonist-stimulated PLC
activity

As It was reported {Schwertz and Halverson, 1989; Edes and Kranias, 1980; Renard and
Pogglicl, 1980) that activation of the G-protein(s) coupled to PLC can increase Ca?*
sensitivity of Ptdins(4,5)P, hydrolysis, we incubated the cardiomyocytes with £T-1, a hormone
known to activate phosphoinositide turnover in these cells (van Heugten, ef al., 1992). The
Ca** sensilivity of PtdIns turnover might be dependent on the agonist employed through the
involvement of different G-protein or PLC isozymes so we performed paraliel experiments in
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which cells were incubated with the a,-agonist PHE {Meij and Lamers, 1989; Lamers, et al.,
1992). Previously we demonstrated that the ET-1 and PHE stimulated {SH]Ir;sPn production
is almost linear during the first 30 min of incubation of the cardiomyocytes (van Heugten, et
al,, 1992; Meijj and Lamers, 1889). ET-1 as well as PHE-evoked PtdIns(4,5)P, hydrolysis (15
min} could indeed be significantly stimulated by increasing [Caz+f,ee]j by using CaZ*-ionophore
A23187 in combination with 10pM external Ca®* (Fig 1A) which is well above the normal
Intracellular level. ET-1 induced InsP, accumulation was 1.54-fold increased while the
PHE-coupled InsP, production was 1.34-fold stimulated at 10 4M external Ca®*. No significant
stimulation was seen at 100 yM external Ca*.

Depolarization of cardiomyocytes with high extracellular K* is known to induce an increase
in [Ca®" .} (Shue, et al., 1986). Treatment of unstimulated cardiomyocytes with high K*
medium did not have a significant effect on PLC activity {Fig 1B). In confrast, the ET-1
induced insP, accumulation was 1.43-fold stimulated by freatment with 50 mM K* while,
unexpeciediy, the PHE-evoked Ptdins turnover was 43% inhibited.

Inhibition of the Na*/K* ATPase by ouabain is also known fo increase [Ca®*;}; in cultured
rat necnatal cardiomyocytes {Hallag, ef al, 1989). For this purpose the cells were
preincubated for 10 min with 0, 0.1 and 10 pM ouabain, the latter two concentrations
inhibiting the activity of Na*/K* ATPase with 10 and 40% respectively (Xie , of al., 1989).
Hereafter the cells were incubated for 15 min in the presence of 10 mM Li* to measure PLC
activity. [:‘I-E]InsPn productions (in % of cellular [*H]inositol) were 0.91 + 0.07, 0.94 + 0.07 and
0.98 + 0.068 {n=7) in the absence of agonist, 3.89 x 0.07, 3.88 + 0.43 and 3.54 + 0.44
(n=1 2)‘in the presence of 10 MET-1 and 5.02 + 0.25, 4,71 + 0.44 and 4.30 1 0.30 {n=12}
in the presence of 10* M PHE for 0, 0.1 and 10 #M ouabain respectively. Thus, neither basal
nor agonist-induced Ptdins(4,5)P, hydrolysis was significantly altered by partially blocking
Ma*/K’>-ATPase.

Effect of EGTA treatment of cells on ET-1 recepfor-stimulated PLC aclivity

To determine whether agonist-induced activation of PLC requires any Ca®* at all we
incubated cardiomyocytes with ET-1 in buffer containing 1.3 mM Ca®* or in Ca®* free buffer
with 50 uM EGTA. Part of the experiment was designed to evaluate the influence of EGTA
on ET-1 receptor binding making use of the fact that ET-1 is a stable binder to its receptor
(Bolger, et al., 1990). The presence of EGTA during the preincubation period where ET-1 but
not Li* was present only led to a minor but not significant effect on binding of ET-1 to the
receptor as judged by subsequent [3H]lnsPn accumulation during the incubation period where
ET-1 (and EGTA) were removed and Li* was added to monitor PidIns turnover {Fig 2A).
However, EGTA being present during the incubation period of the experiment where ET-1
receptors were already occupied resulted in 75% inhibition of InsP,, accumulation above the
basal level that was not affected itself (Fig 2B). The possibilily that resynthesis of
Ptdins(4,5)P, through Pidins 4- and 5-kinase was severely inhibited by EGTA [eading to
PidIns{4,5)P, depletion was investigated by quantification of the cellular fevels of the
inositol-containing lipids of the experiment depicted in Fig 2. As shown in Table 2, the celiular
PHIPtdIns, [PH]PtdIns(4)P and [*HIPtdIns(4,5)P, levels were even significantly higher after
inhibition of [:‘H]lnsPn accumulation by EGTA as compared lo the levels remaining after ET-1
induced Ptdins turnover suggesting that the resynthesis of Ptdins(4,5)P, was not
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Flgure 2. Effect of EGTA treatment on the basal and ET-1-stimulated PLC activity in cardiomyocytes.
Cardiomyocytes, labelled for 24 hours with myo-[2-*Hjinositol, were washed with ca®*-free buffer and
subsequently preincubated for 16 min with (hatched bars) or without (dotted bars) 10°® M ET-1 in buffer
containing either 1.3 mM Ca® or 50 uM EGTA (in Ca®'-free buffer} as indicated. Following this
preincubation period Ca®*, EGTA and unbound ET-1 were removed by washing with Ca®*-free buffer.
Hereafter Pidins furnover was meonitored by incubation for 45 min in the presence of 10 mM LiCl in
1.3 mM Ca® buffer or in Ca®*-free buffer containing 50 pM EGTA as indicated in the Figure.
Accumulated ["H]Ins}:‘n was quantified as described in Materials and Methods. {3H]|nsPn levels are
expressed as mean percentage + range/2 and + S.E. of the tolal amount of [2-*H]inositol labelled
products, defined as in Figure 1, for buffer (n=2) and ET-1 {n=86) experiments respectively. Significant
differences are indicated in the Figure.

rate-limiting. The only [*Hjinositol-containing lipid not affected by EGTA was (*Hilyso-Pidins
that is not an intermediate of the Ptdins cycle. EGTA did not inhibit the ET-1 coupled
PtdIns{4.5)P, hydrolysis by simply slowing down PtdIns turnover, as is shown in Fig 3. Even
after preincubation with EGTA for 15 min, addition of ET-1 led to significant production of
{aH]EnsPn during the first 30 min of stimutation. However, after this initial increase further
[3H]InsPn accumulation was totally blocked (Fig 3) although [”I-i]Ptc!Ins(tl,S)P2 levels were not
decreased {data not shown). As will be shown later, the velocity of ET-1 induced [3H]InsPn
accumulation at normal extracellular Ca®* (1.3 mM) only starts diminishing after about 80 min.
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Table 2. Changes in concentration of [*Hjinositol-containing lipids afterincubation of ET-1 preincubated
cardiomyacytes with normal Ca®* or EGTA in Ca®" free buffer.

(*H]Inositol-phospholipid content

1.3 mM Ca® 50 uM EGTA P
Ptdins 69.5 1 0.4 734+ 04 <0,001
lysoPtdins 283+ 0.11 2.80 x 0.17 >0.6
Ptdins{4)P 2.59 + 0.05 2.99 + 0.07 <0.002
Ptdins(4,5)P, 2.36 + 0.09 2.66 £ 0.04 <0.02

Cardiomyocytes were treated and stimulated exactly as described in the legend to Fig 2. After
extraction of water-soluble preducts, lipids were extracted with methanol:12 M HCI {(100:1, viv) and
analyzed as described in Materials and Methods. No significant differences in [*H]inositol-containing
lipid content were detected between preincubation with ET-1 {10°® M) in the presence of Ca®* or in the
presence of 50 pM EGTA in Ca® free buffer. Therefore, [°H]lnositol-phospholipid content after
incubation with 10 mM Li* and 1.3 mM Ga® is taken from preincubation with Ca** together with dala
from preincubation with EGTA (ie Fig 2A) while the phospholipid levels after incubation in the presence
of 10 mM Li* and 50 pM EGTA in Ca®* free buffer are accumulated data of preincubation with Ca®
and with EGTA (Fig 2B). ["HjPhosphoinositide levels are expressed as percentage of total cellular
PHjinositol defined as in the legends to Figure 1 (mean & S.E., n=12). Statistical significance is
indicated by the P values.

Effects of fow Ca®, ca® antagonist and agonist on basal and receptor-mediated PLC
activity

The foregoing results on PLC were obtained incubating cells with Ca**-ionophore A23187,
high K" buffer and EGTA, treatments that are expected to produce dramalic changes in
[Ca®,..]; levels close to or in the non-physiological range. We asked ourselves whether or
not the physiological range of {Caz“ﬁee]i is optimal for PLC activity in cardiomyocytes.
Therefore, we also analyzed the effect of decreasing normal Ca** influx on basal as well as
agonist-induced [3H1InsPn accumulation. The effect of these protocols could also be studied
over a much longer period {up to 90 min). ET-1 evoked InsP, accumulation was not
significantly affected by low Ca?* medium. Only 90 min of incubation of cardiomyocytes in low
Ca®* medium resulted in stimulation of basal PLC activity which finding was unexpected
(Fig 4A). Treatment of cardiomyocyles with the dihydropyridine Ca?’-channel blocker
nifedipine (1 pM)} reduced ET-1 induced [f’H]InsPn accumulation (30 min) by 33% and did not
have a significant effect on basal Ptdins turnover {Fig 4B). After 60 min no significant effect
of nifedipine on PtdlIns turnover prevailed. The influence of either fow Ca?* buffer or nifedipine
on G-protein coupled PLC activity was not agonist dependent as data similar to those
iflustrated in Fig 4 were obtained after stimulation of the celis with 10% M PHE (data not
shown).

Fig 5 shows that the ET-1 induced Ptdins turnover could be stimulated by increasing Ga®*
influx through the use of the Ca?'-channel opener Bay K8644 but only after 90 min of
incubation. Basal Ptdins turnover was seen to be increased by the use of Bay K8644
resulting in a doubling of insP, accumulation after 90 min of incubation.
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Figure 3. Time course of [SHiEnsPn accumulation after stimulation of cardiomyocytes with ET-1 in the
presence of EGTA in Ca®*-free buffer. Cells labelled with myo-[2-*H)inosito] were washed with
Ca?*-free buffer and incubated for 15 min in Ga®*-free buffer containing 50 yM EGTA and 10 mM LIiCL
Hereafier, buffer (open symbols} or ET-1 was added to 10 M (closed symbols) and incubation was
continued for the periods indicated. Extraction and quantificafion of [3H}lnsF='n was performed as
described In Materials and-Methods, {3H]InsPn levels are expressed as percentage of the total amount
of [2-*H]inositet labelled products as defined in Figure 1 (mean + range/2 for buffer, n=2 and mean 1
S.E., n=86 for ET-1). *, P<0.001 , ET-1 {15 min, n=8) versus 0 min (n=6).

Fluorometric measurement of changes in intracellular free Ca®* concentration of
cultured cardiomyocytes

To determine whether the protocols that were described above indeed had effect on
[Caz*,,ee]f, we set up a fluorometric assay on cardiomyocytes grown on glass cover slips using
fura-2 AM. Due to the fact that cardiomyocytes became detached from the glass cover slip
after prolonged incubation (60 min of loading with fura-2 AM and 40 te 50 min incubation in
the fluorometer), no extended incubations could be parformed to assess long-term effects on
[Ca..). As expected, table 3 shows that the treatments that had the largest effect on
agonist-induced InsP, accumufation also produced significant alterations in [Ca®* o) @8
judged by the ratio of fluorescence elicited at 340 nim (F,4, ) and 380 nm (Fyq, ). Addition
of 50 uM EGTA, shown to decrease ET-1 induced InsP, accumulation (Figs 2 and 3) also
significantly decreased [Ca?* ;) while a depolarization with 50 mM KCl that stimulated ET-1
induced and inhibited PHE mediated PLC activity (Fig 1) led fo an increase of {Caz*{me]i.
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However, the presence of nifedipine that led to a significant decrease in ET-1 and PHE
coupled InsP,, accumulation after 30 min (Fig 4B) did not show an effect on [Ca® ).
Although low Ca** medium did not change ET-1 and PHE coupled {nsP, production (Fig 4A),
a significant decrease in [Ca®",; was observed, but not of the same magnitude as after
addition of EGTA. Bay K8644, not affecting agonist coupled InsP,, production during the first
30 min {Fig 5), did not influence [Caz",ree}j gither.

Time {min}

Figure 4. Effect of low Ca®* or slow Ca®-channel blockade by nifedipine on the time-course of
{3H]lnsPn production after stimulation of cardiomyoacytes with ET-1. Cardiemyocytes were prelabelled
with myo-{2-*Hlinosito! for 24 hours. A. The cells were washed in Ca®* free buifer and incubated for
16 min with 10 mM LiCI containing buffer with 1.3 mM Ca®* (o, ®) or without Ca®* (L1, M). Cells were
then stimulated for the periods indicated by addition of buffer (closed symbols) or of ET-1 o 108 M
{open symbols). B. Cells were washed and incubated for 15 min in normal buffer containing 10 mM
LiGl with (0, 7E) or without (o, ®) 1 M nifedipine and were subsequently stimulated for the periods
indicated by addition of buffer (closed symbols} or of ET-1 to 108 M (open symbols). After incubation,
the cells were extracted and [3H]InsPn was quantified as described In Materials and Methods. [3H}InsPn
content is expressed as percentage of the total ceflular content of [2-*Hjinositol defined as in the
legends to Figure 1. Results are mean + S.E, (A n=3 for buffer and n=6 for ET-1; B: n=4 for buffer
and n=9 for ET-1). *, P<0.05 versus similar incubation in the presence of Ca®* {A) or in the absence

of nifedipine (B}.
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Figure 5. Infiuence of Ca®*-channel opener Bay K8644 on the time course of {3HilnsPn accumulation
after stimulation of cardiomyocytes with ET-1.. Cardiomyocytes were prelabelled for 24 hours with
myo-[2-*H]inositol. Thereafter, the cells were incubated with incubation buffer containing 10 mM LiCl
with (O, M) or without {o,®) 1 #M Bay K8644 for 15 min before addition of buffer {closed symbols)
or ET-1 to 10°® M (open symbols) for the periods indicated. Extraction and quantification of InsP, was
performed as described in Malerials and Methods. [SH]EnsPn content is expressed as percentage of
the total cellular content of {2—3H]inosito] as defined in legends to Fig 1. Results are mean + S.E. (n=6
for ET-1 and n=3 for buffer). *P<0.02 and **P<0.05 versus similar incubation in the absence of Bay
K8644.

Effect of intracellular free Ca®* concentration on basal and GTPyS stimulated InsP,
accumulation in permeabilized cardiomyocytes

The effect of free Ca?* on the PLC activity was studied more directly using
saponin-permeabilized cardiomyocytes as described by McDonough, ef al. {1988). Addition
of an ATP regenerating system was essential to stabilize the cells during permeabilization.
The results (Fig 6) show thaf after permeabilization of cardiomyocytes the basal and GTPyS
(30 M} stimulated PLC activity (15 min of incubation) was strongly activated by increasing
{Caz’”free}i from 0.1 to 10 #M and even slighly more by increasing Ca® to 192 uM. Relative
stimulation of PLC by GTPy¢S was largest in the nanomolar range of Ca®".
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Table 3. Fluorometric measurement of [Ca®",]; concentration of cultured cardiomyocytes.

Fato am'Fago pm-ralio

Cell treatment Before After P {n}
Low Ca®* 1.17 + 0.04 1.03 + 0.04 <0.05 (6)
50 pM EGTA (no Ca®*") 1.03 1 0.04 0.93 + 0.01 <0.05 (6)
50 mM KCl 1.14 + 0.05 1.41 1+ 0.06 <(0.02 (4)
1 uM Bay K8644 1.21 £ 0.02 1.30 £ 0.05 NS (6}
1 uM Nifedipine 1.16 + 0.04 1.16 + 0.06 NS (4)

Cardiomyocytes were grown on glass cover slips and loaded for 60 min at 37°C with 2 uM fura-2 AM
in the presence of 2.6 mM probanicid. The cover slip was inserted in a holder tightly fitting into a
quartz cuvetie containing 2 ml incubation buffer. Fluorescence was recorded at 510 nm using excitation
wavelengths of 340 and 380 nm. The ratio of the fluorescence elicited al 340 nm (Fyyq o} @nd 380 nm
(Fazq nm) C&N be taken as a measure of the [Ca?",],. After each assay calibration of the fluorescence
signatl was performed by addition of 2.5 yM tonomycin to obtain maximal ratio followed by 10 mM
EGTA to obtain the ratio at zero [Ca™ ], (i.e 0.93 1 0.02, n=15). Cells were incubated for 15 min in
buffer ("Before") folfowed by 20 min incubation with various additions ("After") as indicated in the Table.
Fluorescence ratios represent {Ca?",.. ], during relaxation. Controf cardiomyocytes contracted irregularly
{8 to 15 limes/min) which activity was comptetely blocked by low Ca®* with or without 50 4M EGTA,
50 mM KCI and 1 pM nifedipine. Peak Fyyq ,,/F3s0 am f@lio during contraction in control was 1.45 1
0.09, n=8 (P<0.02 vs 1.19 + 0.02, n=8 during relaxation). Data are expressed as means + SEM from
4 different cellbatches, n refers to the number of experiments while P values represent statistical
significance between ratic before and after treatment; NS, not significant.

DISCUSSION

We studied the effect of agents modulating [Caz“f,ee]j on basal as well as agonist-dependent
PLC activity that is involved in the signal transduction through the Ptdins cycle in
cardiomyocytes. In a variety of cell types it was shown that Ca®* ionophore A23187
{Wakelam, 1983; Monaco, 1987; Godfrey and Putney, 1984) and depolarization by high K*
{Gurwitz and Sokolowski, 1987; Haberman and Laux, 1986) activated Ptdins(4,5)P,
breakdown by PLC. In saponin-permeabilized chick heart cells basat PLC activity was also
shown to be Ca?* dependent (McDonough, ef al., 1988, Jones and Brown, 1888). In our study
using intact rat cardiomyocytes basai activity of PLC {30 min) could not be stimulated by
sither ionophore A23187 (external Ca?" 1-100 uM)} (Table 1) or high K* concentration
(external Ca®" 1.3 mM) {Fig 1). Using fura-2 fluorescence it was shown that high ca®
induced increased (Ca®',); (Table 3). As A23187 is fluorescent no fura-2 measurements
coutd be performed for this protocol. The basal InsP,, production as well as [Caz”,ree]l was
also not affected after 30 min of incubation with Bay K8844 but unexpectediy, an increase
in InsP,, production was seen after 90 min incubation. On the other hand, total removal of
external free Ca®* through addition of 50 M EGTA to Ca” free medium, Ca®* free medium
or nifedipine {1 M) did not significantly affect the basal InsP, production (30 min) either
(Table 1). Using fura-2 fluorescence it was shown that low external Ca®* with or without
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Figure 8. Effect of [Ca™, .} on basal and GTPyS stimulated insP, accumulation in permeabilized
cardiomyocytes, Cardiomyocytes, prelabeled with myo-[2-*Hlinositol were washed with buffer and
permeabilized for & min with 100 pg saponinfml intracellular buffer as described In the experimentaf
section. Hereafter, cells were washed with buffer without saponin and infracellular buffer was added.
in addition to 10 mM LiCl this buffer contained Ca®" as required with { @) or without (o} 30 uM GTPyS.
Free Ca®" in the buffer was calculated using the SPECS compuler program described by Fabiato
{1988). Afier 15 min incubation at 37°C the buffer was collected and the cells were extracted with
perchloric acid and methanol/HCI as described in the experimental section. [:‘H]InsPrl content is the
sum of inositolphosphates in buffer and perchloric acid extract and is expressed as percentage of the
total cellular content of {2-*Hjinositol defined as in the legends fo Figure 1. Results are mean + S.E.
. n=12. *P<0.005 and **P<0.05 versus incubation with the same Ca** concentration in the absence of

GTPyS.

EGTA decreased [Caz"ﬁee]i. Taken together these short-term effects suggest that changes
in [Ca\z*ﬁee]E do not affect basal PLC activity in intact cardiomyocytes. This conclusion is
however not supported by experiments using permeabilized cardiomyocytes (Fig 6) where
basal PLC activity was seen to be strongly Ca®* dependent in the range of 0.1 to 10 gM. It
is possible that due to saponin-permeabilization the cells were depleted of PLC regulating
factors. Although saponin freatment abolishes receptor activation of PLC, it is possible that
some purinergic receptor activily remains.

It was reported that activation of PLC by G-proteins in rat heart membrane fragments fowers
the concentration of Ca?* necessary for optimal activity of PLC (Renard and Poggliofi, 1990;
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Jones and Brown, 1988). Likewise, we observed that relative stimulation of PLC by GTPyS
was largest in the nanomolar range of Ca®* in saponin-permeabilized rat cardiomyocytes
{Fig 8). Activation of G-proteins by either ET-1 or PHE in intact cardiomyocytes indeed
revealed Ca®*-sensitivity of PLC activity. Using Ca®* ionophore A23187 at different Ca®*
concentrations only showed significant stimulation of [3H]InsPn accumulation at 10 uM
external Ca®" resulting in 54 and 34% increases in PLC activity induced by ET-1 and PHE
respectively, Whether PLC or G-proteins were activated by Ca® can not be deduced from
these experiments. The absence of stimulation by A23187 at 100 pM external Ca®' in intact
cardiomyocytes (Fig 1) might arise from a possible cell necrotic effect of the combined
addition of 100uM Ca®* and ionophore A23187 as high Ca?* afone did not show an inhibitory
effect at 100 uM and higher using permeabilized cells (Fig 6). On the other hand, secondary
effects of Ca®* overload (e.g. increases in intracellular Na* or K* concentrations) might also
be detrimental for PLC activity.

The Ca**-channel agonist Bay K8644 induced a slight increase in PLC activity, but only after
90 min incubation with agonist (Fig 5). Sei et al. (1991) also showed that Bay K8644 had no
effect on PHE-induced PtdIns turnover during 60 min of incubation of neonatat rat ventricular
myocytes.

Although the Na'/K* ATPase inhibitor ouabain (0,05-5 pM) was reperied to have positive
inotropic activity and to increase ECaz",,eE]i in cultured rat neonatat cardiomyocytes (Hallag,
et al., 1989), the receptor-mediated Ptdins response was not affected as established in the
present study. Using the same model system prolonged exposure to ouabain although at
higher level {1 mM), was shown to increase Na® and to decrease K* and Mg®* concentrations
in the cytoplasm togelher with a decrease in ATP content (Morris, ef al, 1989). The
complexity of cellufar responses to ouabain makes it difficult {o evaluate the InsP,
accumulation data in the light of elevated [Ca®".].

Besides increasing [Ca’"..} (Table 3), depolarization of the membrane by high K
concentrations is known o change G-protein expression after prolonged exposure (Foster,
et al., 1990). incubation of cardiomyocytes in high K* buffer stimulated ET-1 induced Ptdins
cycle activity at the same time inhibiting PHE-coupled {3H}InsPn accumulation (Fig 1). These
restlts, together with stimulation of [SH}InsF’n accumulation by A23187 at 10 g Ca** suggest
that the [Ca™* .}, was not the only factor involved in high K*-induced changes in Ptdins cycle
activity at least in the case of PHE. Either G-protein activity or membrane electrical
depolarization might be additional factors regulating the Ptdins pathway.

Regulation of Ptdins cycle activily by changes in [Ca®* (..} as described above suggests that
the signal transduction pathway through PLC and Pldins{4,5)P, might be absolutely
dependent on the presence of Ca®* in intact cells as was also detected for permeabilized
cardiomyocytes (Fig 6). Indeed, total removal of extracellular free Ca*" by including 50 uM
EGTA in the Ca® free incubation buffer markedly inhibited the ET-1 induced InsP,
accumulation (Fig 3). Under these conditions the fluorescence ratio was decreased to that
detected at zero intracellular free Ca®* (see also the legends to Table 3). ET-1 binding to its
receptor was shown not to be inhibited by EGTA (Fig 2) while resynthesis of Ptdins(4,5)P,
was not rate-limiting in the absence of external Ca?* (Table 2). The latter finding is In
agreement with our previous observation that rat heart sarcolemmal Ptdins 4- and 5-kinases
are Ca®* independent enzymes which are inhibited by micromolar Ca®* concentrations
(Mesaeli, ef al., 1992). The absence of free Ca® in the cell eventually results in the total
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standstill of ET-1 induced Ptdins turnover. Whether the Ca®* that remained bound to
membrane phospholipids or G-proteins/PLC is responsible for the initial but attenuated
activity of PLC remains o be elucidated. The simple withdrawal of extracellular Ca?" did not
significantly affect {3H]JnsPn accumulation during a 90 min incubation with ET-1 or PHE
(Fig 4A) suggesting that the residual Ca®* that was present under these conditions (Table 3}
was sufficient to give normal PLC activation by the agonists. Ca**-influx Inhibltion by addition
of the Ca?*-channel blocker nifedipine (1 pM) lfed to significant inhibition of ET-1 and
PHE-induced Ptdins cycle activity (33 and 30% respectively (Fig 4B) after 15 min
preincubation and 30 min stimulation in the presence of nifedipine. However, incubation of
the cells with nifedipine for 20 min did not result in a change in [Ca®*;..}; (Table 3). Prolonged
incubation with nifedipine led to complete recovery of PLC activity (Fig 4B). Although the
incubations were carried out in the dark, instability of the dihydropyridine might be the cause
of the late reversal of the nifedipine inhibition. On the other hand, Wetzel ef al. (1991)
demonsirated that neonatal rat venfricular myocytes are relatively deficient in slow
Ca?*-channel activity when compared to adult cardiomyacytes.

At this point it is important to siress the fact that fura-2 measurements were performed on
unstimutated cells to determine whether the experimental protocols were having any effect
on [Ca®" ], largely explaining the effects on basal PLC activity, However, we have to be
cautious in interpreting the resulls from the experiments where cardiomyocytes were
stimulated with ET-1, as stimulation with this agonist might lead to increased {Ca®".], as
described before (Vigne, st al., 1990).

in conclusion, the present study shows that the signalling pathway through
PLC/PidIns(4,5)P, activated by agonist-receptor interaction is likely to be a Ca?* dependent
process in the intact cardiomyocyle as was the case for permeabilized cardiomyocytes. On
the other hand, basal PLC activity in intact cardiomyocytes seems not to be sensitive to
changes in the [Ca‘?*f,ee},, although after saponin-treatment of the cardiomyocytes the basal
PLC acliviy also became Ca®*-dependent. The activation of PLC by an increase in [Caz*ﬁee]i
level may follow upon Ins(1,4,5)P;-induced release of Ca** from the sarcoptasmic reticulum.
Ca®* potentiation of agonist-mediated PLC activation may also play a role in aggravating
cellular Ca?* overload developing during myocardial ischemia-reperfusion {Lee and Allen,
1991; Otani, ef al., 1989; Mouton, e! al., 1991; Heathers, ef al.,, 1989).
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a,-Adrenergic agonist and endothelin-1 evoked phosphoinositide responses

ABSTRACT

Previously it was shown by us and others in cullured neonatal rat cardiomyocytes that the
desensitization of the phenylephrine (PHE}- and endothetin-1 (ET-1}-mediated response of
phosphelipase C {PLC) was receptor-specific. The aim of this study was to characterize
receptor-dependent specificities downstream of PLC. PHE (10" M) as well as ET-1 (108 M)
stimulated the total [*Hlinositolphosphate ([3H]InsPn, predominantly [*H]Ins{4)P) formation to
about the same extent whereas ins{1,4,5)P; and Ins(1,3,4,5)P, did not increase. Yet, ET-1
but not PHE stimulated Ins{1,3,4)P; and ins(3,4)P,, formation. Activation of PLC in saponin-
permeabllized cells by GTPyS- and Ca®* gave predominantly the formation of Ins(1 4)P,. The
PHE- and ET-1-mediated increase of {3H11 ,2-diacylglycerol was significant after respectively
18 and 8 min. PHE but not ET-1 stimulated phosphorylation of a 30 kDa protein which was
likely of myofibrillar origin. It is concluded that receptor-dependent specificities exist not only
at the level of PLC but also downstream.

INTRODUCTION

in heart inotropy, long term induction of hypertrophy and concomitant reprogramming of gene
expression have been shown to be partially mediated by agonists such as a;-adrenergic
hormone and endothelin-1 (ET-1), that transduce their signals after receptor-GTP-binding
protein (G-protein) coupling to the activation of phospholipase C-6 (PLC-8)(1-3). PLC-& on
its turn hydrolyses phosphatidylinositol 4,5-bisphosphate (Pidins(4,5)P,), thereby producing
the second messengers 1,2-diacylglyceral ((1,2)DAG), inositol  1,4,5-trisphosphate
(Ins(1,4,5)P,;} and inositol 1,3,4,5-tetrakisphosphate {Ins(1,3,4,5)P,). (1,2)DAG is known to
activate members of the protein kinase C (PKC) family by binding to the regulatory domain
of the enzymes resulting in franslocation to plasmamembrane and intracellular sites such as
cytoskeletal elements (4-7). The other product of PLC-B aclion, ins{1,4,5)P;, is known to be
involved in the release of Ca®* from the non-mitochondrial Ca®* pools thereby promoting the
Ca®*-induced influx of external Ca®*, possibly in conjunction with Ins(1,3,4,5)P, (1-3}).
{1,2)DAG metabolism concerns either conversion to phosphatidic acid mediated by (1,2)DAG
kinase and subsequent reincorporation into the phospholipids, or hydrolysis by (1,2)DAG
lipase and presumably by nonspecific esterases fo free fatly acids and glycerol (4).
Ins(1,4,5)P; metabolism Involves two metabolic pathways as welll successive
dephosphorylation reactions finally resulting in free Ins, and phosphorylation by 3-kinase to
Ins(1,3,4,5)P, alsc followed by dephosphorylation reactions (8,9). it is becoming more and
more clear that the diversity of receptors linked with this signalling pathway and the
heterogeneity of the downstream elements such as the G-proteins, PLC, and PKC, determine
the receptor-specific responses of the signalling pathway to a large extent.

The first evidence for occurrence of receptor-dependent specificities in Ptdins cycle signalling
in myocardium was previously obtained by us and others in studying the time-course and
mutual influences of desensitization of the PHE- and ET-1-evoked total inositolphosphate
(InsP,) responses (10,11). In order to characterize receptor-dependent specificities
downstream of PLC, in this study we followed the formation in time of second messengers
and some of their products and the ultimate 32p incorporation into cellular proteins upon
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stimulation of cardiomyocytes by PHE and ET-1.

MATERIALS AND METHODS

Reagents

PHE was obtained from Sigma (St. Louis MO, USA) and ET-1 was from Peninsula
Laboratories (Belmont CA, USA). Cullure dishes (4 well Multidish) were from Nunc (Roskilde,
BK), while culture medium HAM F10 was from Gibco (UK); fetal calf serum, horse serum and
penicillinfstreptomycin were obtained from Boehringer Mannheim (Germany). Trypsin (type
Ity was from Sigma (St. Louis MO, USA). Myo-[2-*HJinositol (17-19 Cifmmol), [2-*H]glycerol
(1 Clmmof) and *p, (carrier free) were obtained from Amersham International plc
(Amersham, UK). En®Hance was from Dupont, NEN products (Boston, USA) and scintillation
cocktail Flo-scint 1V was from Canberra Packard Benelux N.V./S.A. (The Netherlands).

Cell culture

Primary cultures of necnatal ventricular myocytes were prepared from 1-2 day old Wistar rats
as described before (10,11} using preplating (13} to further increase cardiomyocyte to non-
cardiomyocyte rafio. Minor modifications were introduced, replacing the previously used
double preplating step for a single preplating step on an increased surface (10 cm?rat heart).
Cardiomyocytes were seeded in 1.8 cm? wells at 150 to 175x10? cells/cm? giving a confluent
monolayer of spontaneously contracting cells after 24 hrs. The cells were kept at 37°C and
5% CO, in complete growth medium consisting of Ham F10 supplemented with 10% fetal calf
serum, 10% horse serum, 100 U penicillin/ml and 100 ug streptomyein/ml. Growth medium
was renewed 24 hrs after seeding and every 48 hrs thereafter. Experiments were performed
5 to 6 days after plating of the cells.

Inositolphoshate analysis

Cardiomyocytes were labelled with 10 uCi myo-[2-*H]Ins/m! for 48 hrs in Ins free complete
growth medium. After washing and preincubation (15 minutes, 37°C) with incubation buffer
{130 mM NaCl; 4.7 mM KCI; 1.3 mM CaCl,; 0.44 mM NaH,PO,; 1.1 mM MgSO,; 20 mM
NaHCO,; 0.2% glucose; 10 mM HEPES; pH 7.4, 37°C) the cells were stimulated with agonist
in the presence of 10 mM LiCl. Incubations were stopped by rapidly washing the cells with
ice-cold buffer. Water-soluble [°H]ins products were extracted by two subsequent extractions
with HC1O,. The pooled HCIQ, fractions were neutralized with 2 M KOH; 1 M K,CO;, The
remainder, water-insoluble products, was subsequently extracted with ice-cold CH,OH:HCI
(100:1 v/v) for 5 min at 4°C, The [3H}InsPn isomers were separated by HPLC using a Partisil
10 S8AX column {Alitech, Deerfleld, IL, USA) using gradient elution (2.0 M NH,COOH/H,PQ,,
pH 3.7) (14) and an on-line ®H detector (Radiometric, Flow-one beta A515 (Canberra Packard
Benelux N.V./S.A.) and the amounis were expressed as % of total cellufar [*H]Ins {defined
as the sum of waler-soluble plus -insoluble {°H]Ins containing products).

Permeabilization of cardiomyocytes prelabelled for 48 hrs with myo-{2-3H]Ins, was
performed by treatment with 100 pg saponin/ml i intracellular buffer (20 mM HEPES; 10 mM
NaCl 110 mM KCI; 1 miM KH,PO,; 4 mM MgCl,; 1 mM EGTA; 3 mM ATP; 8 mM creatine
phosphate; 6 U creatine kinase/ml; pH 7.0} for & min, at 37°C (15). The cells were rinsed
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three times with the latter buffer before incubation in fresh buffer containing 10 mM LIiCl, Ca®
(0 and 96 nM [Ca®™.]) and/or 30 uM GTPYS for 15 min at 37°C, whereafter the buffer was
collected for estimation of water-soluble [°H]InsP, by HPLC. The remainder of {*H]ins
products were extracted with ice-cold HCIO, and CH,OH:HCI {100:1 v/v} respectively. The
HCIO, extract was immediately neutralized. To be able to compare amounts of water-soluble
[*HiinsP,, found in buffer and HCIO, extract, the collected buffer was acidified with HCIO, as
well, followed by neultralization with 2 M KOH and 1 M K,CO,.

1,2-Diacylglycerol analysis

Cardiomyocyles were fabelled with 2 pCi [2-*H]glycerolml for 48 hrs in complete growth
medium. The cells were rinsed, preincubated and stimulated as described above. After
termination of the incubation the [*Higlycerol containing lipids were extracted by two
successive extractions with ice-cold CH,OH:HCI (100:1 viv). Water-soluble products were
separated from lipids by phase-separation after addition of 1 volume of CHCl,; and 0.5
volumes of 2.5 M HCI. The resulfing organic phase was re-extracted once with 1 volume of
CHGH,:CH,0H:0.6 M HCI (3:48:47 viviv). The [3H]glycerol containing lipids were dried under
N,-gas followed by resuspension in CHCI,:CH,OH:H,0 (75:25:2 viviv). The analysis of the
{3H]glycerol conlaining {1,2)DAG was performed by thin layer chromatography as described
before (16). A few modifications were introduced as follows; Silica gel 60 plates (MERCK,
Darmstadt, Germany) were impregnated with 1% boric acid in CH,OH and activated for 1.5-2
hrs at 110°C and CHCI,.CH,COCH, (95:4 viv) was used as solvent system. The [PH]glycerol
lipids were fluorographically visualized after spraying with En*Hance and subseguently
scraped from the plates and counted by liquid scintillation. The amounts of [°H](1,2)DAG were
expressed as % of total celiular [*Hjglycero! {defined as the sum of water soluble plus water-
insoluble [*Hlglycerol containing products).

Protein phosphorylation

After washing the cells with Pfree complete growth medium these were labelled with 32Pi
(100 pCifml, carrier free) in the same medium for 2 hrs. Thereafter, the cells were rinsed with
incubation buffer and preincubated for 15 min at 37°C before stimulation with agonists. After
removal of the medium, the cells were lysed in 150 ut Laemmli sample buffer and labelled
proteins in 35 i aliquots were separated on 10-20% gradient SDS PAAGE, and visualized
by autoradiography as described (17).

Statistics
Data were evaluated for statistical significance by the Students t-test and significance was

set at probability of less then 0.05.

RESULTS

Inositolphosphate isomers

Earlier we have shown that stimufation of neonatal rat ventricular myocytes with either PHE
or ET-1 results in the activation of the Ptdins-cycle in a dose dependent manner with both
agonists, respectively at 10* M and 10" M, having almost the same maximal effect on the

84



Chapter 4

formation of fotal {3H]insPn separated by chromatography on Dowex (10). In this study we
separated the specific [3H]InsF'n isomers by HPLC. The biologically active ins(1,4,5)P, was
found not to be elevated above control levels (Fig. 1) while Ins{1,3,4,5)P, was not detectable
{not shown} even up to 30 min of stimulation by either agonist. Stimulation with PHE resulted
in a moderate increase of ins(1,4)P,, setting off al 4 min after agonist addition and
accomplishing a level of 0.23% after 30 min, which was significantly higher than control (Fig.
1). Yet, ET-1 evoked an immediate significant increase of Ins(1,4)P,, resulting after 30 min

+ PHE (10* M)

o; ET-1 (107 M)

A; control

Ins 3.4-P,

0.4

0.3

102

0.0

1.4,5.
0,400 tns 5Py
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Inositolphosphate production (% cellular [*Hlinositol)

9.050

0.026

Ins 1.3.4-P, e

°
*

0.0

0.100

0.075

0.050

¢.925
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0.000
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Figure 1 Time course of InsP,, isomer formation in [*H]lns prelabelled cardiomyocytes after stimulation
with PHE, ET-1 or vehicle. The results shown are the mean (+ SEM) of 5-8 experiments performed
with different celf batches. *, p< 0.05 compared to control; #, p<0.05 versus 0 min control; ®, p<0.05
ET-1 versus PHE.
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in a higher level (0.47 %) comparing fo PHE. On the other hand, PHE and ET-1 stimulation
resulted in a similar bulk production of Ins(4)P (12.7 % vs 17.5 % respectively, p>0.05) after
30 min. Only upon ET-1 stimulation, rapid increases of dephosphorylation products of
Ins(1,3,4,5)P,, ie. Ins(1,3,4)P, and Ins(3,4)P,, were measured, which were significant
compared to control already after about 5 min of agonist stimulation, resulting in levels of
0.09% and 0.13% respectively after 30 min (Fig. 1). The lack of efevation of Ins{1,4,5)P; and
ins(1,3,4,5)P, may indicate the occurrence of very small and local changes of the second
messengers andfor extremely high activity of the 5-phosphatase. To circumvent the action
of the latter enzyme in another experiment the [*Hjins-labelled cells were permeabilized by
saponin and subsequently PLC was activated by GTPyS (and Ca?) as described (15).
Assuming that the formed Ins(1,4,5)P, leaks immediately out of the permeable cells, it would
therefore become less accessible to the 5-phosphatase and 3-kinase action as derived from
another report {18). When PLC was activated with GTPyS and Ca®, the bulk of InsP, found
in the incubation buffer was, however, Ins{1,4)P, (8%) (Table 1), while neither Ins{1,4,5)P,
nor Ins(1,3,4)P4 were deteclable (not shown). As expacted, Ins(4)P was the predominant
InsP, component found in the cell extract (Table 1}.

Table 1 Levels of InsP, isomers in the incubationbuffer and the acid extract of saponin
permeabilized cardiomyocytes after stimulation by GTPyS andfor Ca®. The values
represent the mean (+ range/2} of duplicate measurements in one cell baich.

Stimuli Inositolphosphate production (% of cellular [*H]Inositol)
tncubationbuffer Cell exfract
GTPyS [Ca™,..] Ins(4)P ins(i1,4)P, ins(4)P ins(1,49pP,
- - 1.20(0.41) 0.92(0.12) 1.71(0.65) 0.23(0.02)
30 pM - 3.43(1.46) 5.22(0.61) 2.50(0.24) 1.20(0.05)
- 96 nM 1.31(0.52) 2.13(0.62) 3.04(0.28) 0.98(0.00)
30 M 96 nM 1.53(0.05) 7.98(0.81) 4.42(0.13) 1.87(0.17)
1,2-Diacylglycerol

The formation of (1,2)DAG was measured up till 16 minutes, a period of stimulation with time
when the formation of InsP, still occurred at a linear rate (Fig. 1). After 16 min stimulation
with PHE (10™* M} (1,2)DAG levels raised significantly above control lavels. ET-1 also evoked
significant increase of the (1,2)DAG fevel above control that was reached after 8 min. Like
the Ins(1,4,5)P; levels (Fig. 1), the control (1,2)DAG levels behaved irregularly after vehicle
addition (Fig. 2). This may indicate that slight movements of the incubation huffer on top of
the cells produces mechanical stretch which previously has been shown to lead to activation
of the Ptdins cycle (19, 20).
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Figure 2 Time course of [*H](1,2)DAG production of [Hglycero! prelabelled cardiomyocytes aiter
stimulation (@) with PHE {10"* M) and ET-1 (10 M) or after vehicle addition {o). The results shown
are the mean (+ SEM) of 6-8 experiments performed with different cell baiches. *, p<0.05 compared
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Figure 3 Autoradiogram of proteins labelled upon stimulation of :‘ZP, prelabelled cardiomyocytes with
PHE (10® M) or ET-1 {(10°® M). The experiment shown is representative for experiments carried out
with 5 separate cell batches. The arrow indicates phosphorylation of a 30 kDa protein.
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Protein phosphorylation

To further analyze receptor-dependent specificity downstream of PLC we investigated the
protein phosphorylation pattern mediated by PHE (10° M) or ET-1 (10°® M) in cardiomyocyles
pretabelied with 32P,. Stimulation of the cardiomyocytes with PHE resulted in rapid (1 min)
phosphorylation of a 30 kDa protein, that became more pronounced after 5 and 15 min. This
in contrast to ET-1 stimulation that did not evoke phosphorylation of this protein.

DISCUSSION

In previous work we observed thai the PLC acfivation is homologously desensitized after
stimulation with ET-1 but not with PHE. Furthermore, the rate of desensitization of the InsP,
response of the cardiomyoccytes after addition of PHE was very slow compared to ET-1
(10,11). It was suggested that either the targets for regulation of the rate of desensitization
are the receptors or that PHE and ET-1 use different isoforms of PLC-B andfor G-protein.
Therefore it was of interest to furlher characterize the receptor-mediated responses more
downstream of PLC.

The second messenger, Ins(1,4,5)P;, was not elevated above control (Fig. 1) while
Ins(1,3,4,5)P, was not detectable suggesting that Ca®* mobilization by these mediators is of
limited or strictly compartmentalized importance in the spontaneously contracting
cardiomyocytes. Looking at the receptor-dependent temporal differences in the appearance
of {1,2)DAG (Fig. 2), the question arises whether this (1,2)DAG is solely originating from
Ptdins(4,5)P, or from cross-talk with other (1,2)DAG producing signalling pathways such as
phospholipase D (PLD} (2,3,21). The alliance of this two signalling pathways might be
established by a PKC isosnzyme, possibly being dependent on the receptor activated
{1,2)DAG release, or agonist-receptor coupled activation of gy subunits derived from G-
proteins (22). Alfernatively, the temporal differences in (1,2)DAG production could have its
origin in the kinetics of different PLC- isoenzymes and/or PLD.

The receptor-dependent differences in the Ins(1,4,5)P; metabolism can be interpreted on
other tevels, If the PLC isoenzymes involved in transducing either the ET-1 or the PHE signal
are not identical, the possibility of different kinetics or competition of the 5-phosphatase and
the 3-kinase pathway can be supposed. In general, experiments to measure the metabolic
destiny of Ins(1,4,5)P; performed with cell homogenates or permeabilized cells generally
indicated that the 5-phosphatase pathway is predominant (23-25). Moreover, we should
regard the consequences of different subcellular location of 5-phosphatase and 3-kinase on
the ins(1,4,5)P, metabolism (25). For instance, in liver and intestinal epithelial cells the bulk
of the 5-phosphatase is restricted to the plasma membrane, while the 3-kinase is cytosolic
and therefore its access to Ins(1,4,5)P, would not seem to be restricted. This would agree
with our experiment performed with GTPyS stimulated G-protein-PLC in saponin-
permeabilized cardiomyocytes showing no Ins({1,4,5)P, but predominantly the 5-phosphatase
product Ins(1,4)P, in the extracellular buffer, while 3-kinase products were absent.
Furthermore, the regulation of 5-phosphatase and 3-kinase activity may be critical. Receptor-
induced increase of intracellular [Ca®*; ] can increase the V,,, of the 3-kinase (25,26), while
the 5-phosphatase is insensitive to Ca®*, Compartmentalization of the processes could create
microenvironments that would come up to these requirements.
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The receptor-specific protein phosphorylation may also be interpreted by the intervention of
other signalling pathways, e.g. cross-talk to the B-adrenergic signal transduction pathway.
The 30 kDa protein that is phosphorylated upon PHE but not ET-1 stimulation (Fig. 3}
appeared not {o be membrane-bound or of cytoptasmic origin {results not shown) suggesting
its assoclation with the cytoskeleton or myofilaments. in fact, this protein may be identical to
iroponin | (30 kDa) which has been shown to be substrate for PKC in vitro in isclated
myofibrils (27).

in conclusion, the resulis demonsirate that after maximal stimulation of PLC in
cardiomyocytes with ET-1 or PHE several differences are present downstream of PLC.
Distinct receptor-dependent responses can be noted concerning Ins(1,4,5)P, metabolism,
temporal formation of (1,2)DAG and protein phosphorylation.
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Alpha-adrenergic agonist and endothelin-1 induced Ca®* response

ABSTRACT

Previously we demonstrated that stimulation of cultured neonatal rat ventricular myocytes by
either ay-adrenergic agonist or endothelin-1 resulted in a rapid formation of total
inositolphosphates, although the levels of inositot 1,4,5-trisphosphate and inositol 1,3,4,5-
tetrakisphosphate did not rise significantly. The aim of this study was to examine whether
stimulation by a;-adrenergic agonist and endothelin-1 could still elicit phosphatidylinositol
cycle mediated intracellular Ca®* mobilization in these cells. The intracellular free Ca®
concentration ([Caz*]i) was measured by single cell imaging dual wavelength fluorescence
microscopy in fura-2-loaded cardiomyocytes. The interference of agonist induced [Caﬁ“ji
responses by the beat to beat variation of [Ca2"]i was prevented by arresting the cells with
the Ca?* entry blocker diltiazem (10 uM). The [Caz"]i response (expressed as % of baseline
ratio of fluorescence intensities of fura-2 at 340 nm and 380 nm excitation wavelength),
induced by phenylephrine (1 0* M) and endothelin-1 (10 M) was small, up te 20 % of
baseline after 9-20 min. In contrast, Ca®*-influx induced by incubation in Na*-free buffer
caused a steep increase of {Caz"}i up to 150 % of baseline after 30 s. ‘

Analysis of single cells following stimulation with phenylephrine or endothelin-1 showed
heterogeneity with respect to a rise in [Caz*]i. However, if rapid Ca?*-influx was induced by
incubation in Na'-free buffer, {Caz“]i responses in individual myocyles occurred
homogenecusly.

itis concluded that the a;-adrenergic agonist and endothelin-1 induced {Caz"]i responses
are delayed in time, small and quite heterogenecus among cells. The findings are in
agreement with earlier observations which revealed no detectable overall increase of the Ca?
releasing inositojphosphates under these conditions and suggest that other second
messengers such as 1,2-diacylglycerol are involved in the agonist mediated Ca?* signals.

INTRODUCTION

In cardiomyocytes, Ca?* homeostasis is strictly controlled: besides the transient elevation of
the cytosolic free Ca®* concentration ([Ca""]i) per beat, {Caz"]i responds to several hormones,
neurofransmitters and agonists, giving rse to inotropic, chronotropic, lusitropic and
hyperiraphic effects [1,2].

After excitation of the cardiac sarcolemma, [Caz"]i is initially increased by Ca®'-influx
through L-type Ca®" channels and partially through the Na*-Ca?* antiporter [3]. This small
increase of [Caz*]i triggers the release of large amounts of Ca®* from the sarcoplasmic
reticulum {SR) through the ryancdine-sensitive Ca®" release channels. The increased [Ca?),
returns {o resting levels to promote relaxation by the combined action of the sarcolemmal
Na*-Ca®* antiporter, the uptake of Ca* by the SR Ca?* pump, and the extrusion of Ca®* by
the sarcolemmal Ca®* pump [4}.

Ca? transients and changes of end-diastolic and peak systolic [Caz“]i also play an
important role as second messengers in cell signalling likely mediated by adenylate cyclase
and phospholipase A,, C, and D and G-protein regulated Ca® channels. Agonists such as
a,-adrenergic agonist phenylephrine (PHE) and endothelin-1 (ET-1), which transduce their
signals partially by G-protein-coupled phospholipase C-8 {PLCS), induce positive inotropy and
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on the long term hypertrophy and concomitant reprogramming of gene expression [5-7]. PLC-
B hydrolyses phosphatidylinositol 4,5-bisphosphate (PldIns(4,5)P,), thereby producing the
second messengers Inositol  1,4,5-trisphosphate  (Ins(1,4,5)P;), inositol  1,3,4,5-
tetrakisphosphate (Ins(1,3,4,5)P,) and 1,2-diacylglycerol ((1,2})DAG) [2,8-12). The second
messenger Ins{1,4,5)P, is known to be involved In the mobilization of Ca®* from intraceliular
Ca? pools [5,13], while (1,2)DAG possibly in conjunction with Ca?* activates members of the
protein kinase C isoenzyme family [14]. Previously we have shown that stimulation of
neonatal rat ventricular myocytes with PHE or ET-1 resuited in the activation of the
phosphatidylinositol {Pldins) cycle in a dose-dependent manner [15]. The activity of the
PtdiIns cycle was measured by recording the formation of the totalinositolphosphates {insP ).
However, when examining the formation of the second messengers Ins(1,4,5)P; and
Ins(t,3,4,5)P, upon stimulation with PHE or ET-1, no significant elevations were present [16].
These results suggested that either a} these second messengers had very short lifefime, b)
the intracellular Ca®*-mobilizing action of these compounds was sirictly compartmentalized,
c) the overall increase of the Ca®* releasing inositolphosphates was not detectable due to
cellidar heterogeneity of the response {10,11,17,18). On the other hand, evidence was
provided that stimutation of rat atrial myocyles and isolated rabbit papillary muscles with ay-
adrenergic agonist or ET-1 induces a rise of [Caz"]i [11,18,19]. Earlier, we observed a iate
(8-16 min) rise of (1,2)DAG in PHE and ET-1 stimulated neonatal rat ventricular myocytes
{16], and based upon some other studies [20-22] it is not unlikely that activation of protein
kinase C is involved in PHE and ET-1 induced rise of [Caz"]i in cardiomyocytes.

‘Hence, it was important to characterize the Ca®'-responses in time after stimulation with
PHE (107 M) or ET-1 (10°® M) in our model of cultured neonatal rat ventricular myocytes.
These experiments were performed in a recently developed two-compartment cullure dish
using single cell imaging fluorescence microscopy with fura-2 as Ca®* indicator which allowed
evaluation of the treatment with or without agonist simultaneously in the same culture [23).
The interference of agonist induced {Caz"}j responses by beat to beat fluctuations of [Caz"]i
was prevented by arresting the Ca®*-influx with the L-type Ca”* channel biocker, diftiazem.
To validate the small and heterogensous [Caz*]l- responses following stimulation with agonists
under the condition of L-lype Ca®" channel blockade, we measured the rapid and large
elevation of ICa2"]i that should occur as a result of a net Ca*-influx induced by incubation
of the cardiomyacytes in Na* free medium [24].

MATERIALS AND METHODS

Reagenis

Phenylephrine (PHE) and probenicid were obtained from Sigma (St. Louis, MO, USA) and
ET-1 was from Peninsula Laboratories {Belmont, CA, USA}. Ham's F10, fetal calf serum and
horse serum were purchased from Flow Laboratories {Irvine, UK). Collagenase (type 1) was
from Worthington (Freehold, NJ, USA). Tissue cuiture dishes, & 35 mm, were purchased
from Becton and Dickinson (Oxnard, CA, USA), Fura-2 acetoxymethylester (Fura-2 AM) was
obtained from Molecular Probes (Eugene, OR, USA). Myo-[2-*HJinositol {(17-19 Cifmmol) was
obtained from Amersham international {Amersham, UK} and Dowex AG 1-X8 {200-400 Mesh,
formate form) was from Bio-Rad Laboratories (Richmond, CA, USA).
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Cell culture

Hearls were dissected from two-day-old Wisltar rats and transferred to buffer containing 137
mM NaCl, 5 mM KCI, 0.4 mM Na,HPO,, 5.5 mM glucose, 20 mM N-2-hydroxyethylpiperazine-
N-2-ethanesulphonic acid (HEPES), 0.5 mM phenol red, pH 7.4. Ventricles of ten neonatal
rat harts were minced and subsequently dissociated by three times 15 min incubation with
collagenase at 37°C, as described [25), After centrifugation (10 min, 50 g} and suspension
in complete growth medium (Ham's F10, supplemented with 10 % fetal calif serum and 10 %
horse serum), the cardiomyocyte to noncardiomyocyte ratio was further increased by
preplating {26]. The myocytes were either seeded on circular glass cover slips (& 25 mm)
in tissue culture dishes (& 35 mm) (used for fura-2 flucrescence imaging) or were seeded
in 1.8 cm? wells at 160 to 175x10° cellsfem? giving a confluent monolayer of spontaneously
contracting cells after 24 h. Growth medium was renewed after 4 h and every 48 h thereafter.
Experiments were performed 4 fo 5 days after plating of the cells.

Measurements of [Ca®'],

Myocytes grown on circular glass coverslips were rinsed with HEPES buffer containing 125
mM NaCl, 5.0 mM KC}, 2.6 mM CaCl,, 1 mM MgSO,, 1 Mm KH,PO,, 10 Mm NaHCO,, 10
mM HEPES, 5 mM glucose and 2.5 mM probenicid. After loading the cells with 2 M fura-
2IAM in HEPES-buffer for 40 min at 37 °C, the cells were rinsed twice with HEPES-huffer.
Then the glass coverslip, holding the myocyles, was mounted in a two-compartment
incubation dish, to have the opportunity to expose one cell culture to two {reatments
simulianeously and to circumvent differences between individual cultures, as described [23).
At this point diltiazem (10°° M) was added to the 500 yt HEPES-buffer in each compartment
to stop the contractions in diastole. The dish was placed in a temperature controlled micro-
incubator [27}, positioned on the stage of a dual-wavelength fluorescence microscope
equipped with a x/y-table fitted with two digital precision sliding gauges (Mitutoyo, UK} for
precise positioning of the culture dish. For further details of the type and set up of the
fluorescence microscope, the video camera and software the reader is referred to Draijer et
al.[28]. At indicated timepoints an image pair of 340 nm and 380 nm excitation wavelength
was made, which was analyzed off-line, resulting after dividing the 340 nm image by the 380
nm image on a pixel-by-pixel base, in a ratio image (R=Fa44 \n/F150 om)

The ratio R of measured flucrescence intensities can be converied to [Caz*]i values [29],
but the common problem with the calibration of fura-2 was met {30}. Therefore, no attempts
were made to convert the ratio values to [Ca®’]. Instead, we expressed Ca®* responses as
the percentage of change in R as compared to the baseline value. After a period of 15 min,
during which the myocytes were left to stabilize at 34 °C for 15 min, PHE (10 M), ET-1 (10°®
M) or vehicle was added. Every minute, an imagepair Fy,5 ., 8nd Fagg ,y Was recorded for
20-25 min. The submaximal temperature was maintained during the continuation of the
experiment to conserve proper stability of the preparation.

Separate series of experiments were performed with cultures in which Ca®*-influx was
stimulated. To this purpose the myocytes in culture were first equilibrated with HEPES-buffer
supplemented with 10° M dilttazem for 30 min at 37 °C. Then the medium of one
compartment was exchanged with Na*-free HEPES-buffer (HEPES-buffer in which Na* was
substituted by choline on a molar basis {31] supplemented with 10 M diltiazem). Every 17
s, an imagepalr Fauy o, and Fagq ., was recorded for a period of 30 min. The R-value of
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individual myocytes as well as the mean of these R-values were expressed as percentage
change as compared to t=0.

Measurements of total [*HlinsP,

Cardiomyocytes were labelled with 2 yCi myo-[2-H]ins/ml for 48 h in complete growth
medium. After washing and preincubation with or without 10°° M dilttazem (15 min, 37 °C)in
incubation buffer (130 mM NaCl; 4.7 mM KCI; 1.3 mM CaCl,; 0.44 mM NaH,PO,; 1.1 mM
MgSO,; 20 mM NaHCO,; 11 mM glucose; 10 mM LiCl 10 mM HEPES; pH 7.4, 37 °C) the
cells were stimulated with PHE (107 M). Incubations were stopped by rapidly washing the
celis with ice-cold buffer. Water-soluble [°H]ins containing products were extracted by two
subsequent & min exiractions with 4% HCIO, at 4°C. The pooled HCIO, fractions were
neutralized with 2 M KOH and 1 M K,CO,. The remainder, containing water-insoluble
products, was subsequently extracted from the cells with ice-cold CH;OH:HCI (100:1 vfv) for
5 min at 4 °C. The [*H]insP, were separated from [°Hlins and [*Higlycerol-P-Ins by
chromatography on Dowex AG 1-X8 as described previously [8].

Statistics

Data were evaluated for stalistical significance by the Students t-test and significance was
set af probability of less than 0.05. However, in the experiments that were performed in the
two-compariment incubation dishes the statistical evaluation was limited due te obliged
incidental asynchronism between agonist and control-induced [Ca2+],- measurements.

Tahle 1 Effect of L-type Ca*'-channel blocker diltiazem (10 pM) on the [*H]InsP, formation in necnatal
rat cardiornyocytes after stimulation with PHE (100 gM)

[PH]InsP, {in % of total incorporated [*H]Ins)

0 min 4 min 8 min 18 min
Control 213 + 0.03 444 ¢ 0.14 6.28 + 0.19 12,08 £+ 0.80
10 pM diltiazem 1.86 + 0.20 3934+ 0127 5131+ 0227 11891+ 166

The formation of total {3H11nsPrI was measured aiter stimulation of myo-[2-*H]Ins prelabelled neonatal
rat cardiomyocytes with PHE (100 pM) in the absence or presence of 10 yM diltiazem during the
indicated periods of time. Values represent ["H]InsP,1 as percentage of total incorporated ESH]Ins
expressed as mean values + SEM of four experiments; *, p<0.05 and **, p<Q.01 versus conlrol at
corresponding times. In the absence of PHE dittiazem had no significant effect on the [*HinsP,
formation. These values varled between 1.86 % (at 0 min} and 2.84 % (at 16 min) of total incorporated
PHins.
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Figure 1 Time-dependent changes of ratio values (R=Fyg ,/F1sp o) T€flECting the intraceflular Ca®
concentration of 18 individual cardiomyocytes from five different cell batches measured by fura-2
fluorescence after stimulation with 10 M endothelin (ET-1), expressed as percentage change of
baseline value {recorded at time close to zero). The time-dependent ratio value per cell was averaged
for all 18 cells {+ SEM): p< 0.05 at 12.5, 18.2, 19.2, and 20.6 min of ET-1 (@) versus control (o). As
can be seen the ET-1 induced [0212*]i response of relevance at peints 10.9 and 11.2 min could not
statistically be compared with a control value due to asynchronism (see methods).

RESULTS

Ca®* entry blockade and [°H]insP,, formation

Normally, neonalal cardiomyocytes in culture at 34 °C contract synchronously but irregularly
(50 to 80 beats/min) in clusters of cells. The Ca®* transients observed in these cells mask the
small effects of PHE and ET-1. Therefore, the fluorescence measurements were performed
in the presence of the L-type Ca®* channel blocker dilttazem (1075 M) which arrested Ca?*-
influx, Ca®* {ransient and contractile activity of the cells. To exclude the possibility that
diltiazem had a major effect on agonist-induced phospholipase C activation, we prelabelled
myocytes with myo-[2-*H]ins for 48 h, Then the myocytes were stimulated with PHE (107 M)
in the presence or absence of diltiazem (10°° M), Phospholipase C activity measured by [*H]-
insP_ production of intact cells was only slightly affected in the early phase of PHE
stimulation (11.5 % and 18.3 % after 4 and 8 min of stimulation, respectively) (Table 1}.
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Figure 2 Time-dependent changes of ratio values (R=Fa.; u/Faso an) Tefiecting [Ca™"], of 12 individual
cardiomyocytes from three different cell batches measured by fura-2 fluorescence after stimulation with
10* M phenylephrine (PHE), expressed as percentage change of baseline value {recorded at time
close to zero). The time-dependent ratio value per cell was averaged for all 12 cells (+ SEM); p<0.05
at t=12.6, 19.5, and 21.5 min of PHE {@) versus control (o). As can be seen the PHE induced [Caz’*]I
response of relevance at points 8.75, 10.7, 13.9 and 18.3 min could not statistically be compared with
a confrol value due to asynchronism (see methods).

In agreement with this we previously demonstrated that L-type Ca®* channel blocker
nifidipine (1 pM) had a slight inhibitory effect on ET-1 induced {3H]—InsPn formation [8].

Average [Ca“ ; responses

Using the Ca?* indicator fura-2 we measured the ratio of fluorescence intensities at 340 nm
(Fasp am) @nd 380 nm (Fyq, ., excitation wavelength)(R=Fz,q,./Faseam) before and after
addition of either agonist. Forced by the uncertainties in the calibration of intracellular fura-2,
we expressed the changes in [Caz*}j in terms of changes in fura-2 fluorescence ratios {Fig.
1). The {Caz*]i level at t=0 was taken as a baseline value to calculate the percentual increase.
At first instance, we calculated the average R-value of all cells in the field of view which
revealed hardly any increase in [Caz*]i. However, when we analyzed individual cells, chosen
atrandom in the image of {=0, and then recaiculated the average R-value of those cells, ET-1
stimulation was found to result in a moderate increase of [Caz"]i. which hecame significantly
elevated, up to 20% of baseline, between 10 and 13 min and again after 18 min (Fig. 1).
Taking the control response into account the biphasic pattern of the {Caz*]i response is
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evident, Calculation of the A % change was, due to the obliged incidental asynchronism
between agonist and control-induced [Ca2+]i measurements (see method section), restricted
to a few critical time-points. For instance, at 12.5 min the A % {fowards conirol was 8.2 + 3.3,
at 15.2 min 2.3 £ 5.1 and at 20.5 min 9.8 + 3.9, which data confirm the biphasic pattern. A
moderate [Ca"“},- response was found as well after addition of PHE (10 M), significantly
setting off at about 9 min, however Jacking a biphasic paitern (Fig. 2). Calculation of the A
% change towards control gave for instance the following data: at 12.6 min the A % was 10.1
1 3.2, at 19.5 min 12,1 + 3.6 and 21.5 min 6.1 £ 1.8. The ECaz*]i response, observed after
addition of vehicle (the control side of the two compartment dish) was always irregulfar and
showed an elevation of the baseline value as well. We observed this phenomenon earlier in
experiments which were performed to study the agonist mediated production of the InsP,
isomers and (1,2)DAG [16]. We assume that slight movements of the incubation buffer due
to addition of vehicle create mechanical stretch,
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Figure 3 Time-dependent changes of ratio values (R=F 340 n/F 380 nr) reflecting (Ca®*}, of 20 individual
cardiomyocytes from three different cell batches measured by fura-2 fluorescence during incubation
of the cells with Na*-free buffer (@), or during Incubation with Na* containing buffer (o), expressed as
percenlage change of baseline value (recorded at time close to zero). The time-dependent ratio value
per cell was averaged for all 20 cells {+ SEM). Significant differences (p<0.06) of treatment (@) versus
control (o) were found for all points between 0.3 and 3.7 min.
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which has been demonstrated to activate the Pldins cycle [32,33]. Intracellular signalling
induced by stretch may also include intracellular Ca**-release, or Ca*-influx through
channels which normally carry Na*-ions [34).

In order to improve the validation of the minor [Caz"]i elevations in time and magnitude
after stimulation with PHE or ET-1 under the condition of Ca?*-entry blockade we compared
these elevations to changes of [Ca®'] due to massive Ca™-influx caused by Na'-free
diltiazem-containing incubation medium as was found by others [24]. Na*-free buffer causes
the Na*-Ca?" antiporter to reverse, leading to Na*-efflux coupled to Ca®*-influx, the latter
which subsequenily causes Ca®*-induced Ca** release from the SR. Immediately following
replacement of the medium to Na'-free buffer, [Ca”]i increased considerably to reach peak
levels of 150 % of baseline fura-2 fluorescence ratio within 30 s (Fig. 3). Subsequently, [Caz“]i
declined to a basal steady state level after 5 min which was still higher than before Na'-free
incubation by 26.5 %. Also in the control experiments, [Caz“]i was elevated slightly in the first
30 s and returned to basal values after 1 min. As expected, even in the presence of 10 yuM
dilliazem, cultured cardiomyocytes are able to undergo an elevation of [Caz*}i.

Cell 2 B Y ¢

Figure 4 "Negative video" representation of the ralio image obtained in fura-2 loaded cardiomyocytes
recorded 11 min after stimulation with £T-1 (10°® M) (panal B) , or PHE (10" M) (panel D) after
subtraction of the ratio images obtained at baseline (recorded at a lime close fo zero). Panels B and
D reflect the net [Ca®'}; elevations due to ET-1 or PHE stimulation, respectively. Darkened areas
indicate higher intracellutar Ga®*. The schematic drawings in panels A and C identify the individual cells
which were studied, the ICaz*;i responses of which are shown in Figures 5 and 6.
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Figure § Time dependent changes in ratio values {R=Fyo n/Faso noh reflecting [Ca?'); of four individual
cardiomyocytes as are depicted in Fig 4A (cefis 1, 2, 3 and 4) after stimulation with 10°® M endothelin-1
(ET-1), expressed as percentage change of baseline vaiue.

[Caz’],-responses of single cardiomyocytes

Mean [Caz’]l- responses of cardiomyocytes stimulated by PHE or ET-1 were small. However,
if the [Caz"]i responses of individual cells were studied, responses appeared to be
heterogeneous among myocytes in the field of view. This is clearly illustrated by Fig. 4, which
shows fthe "negative video" representation {panels B and D) of the ratio-image recorded at
11 min after addition of ET-1 or PHE, respectively, after subtraction of the ratio-image
recorded before addition of these agonists. Dark areas represent myocytes with elevated
{Caz"}i. The changes in ratio values expressed as a percentage of bassline observed in
individual cells (nr. 1-4) stimulated with ET-1 are depicted in Fig. 5. Following stimulation with
ET-1, the net responses revealed a maximal R-value of 18 % incelinr. 2, 15 % in cell nr. 4,
7 % in cell nr. 2 and 6 % in cell nr. 1, occurring at different times (Fig. 5). The net responses
after stimulation with PHE reveafed a peak R-value of 11 % incellnr.4, 7 % in cell nr. 1 and
5 % in celis nr. 2 and 3 { Fig. 6). In Fig. 4, the left panels A and C depict the localization of
the cells which were analyzed individually. The heterogeneity of the Ca®* responses evoked
by ET-1 and PHE is spatial, temporal and quantal. If myocytes were exposed fo Na'-free
buffer, the resulting peak cellular [Caz*]i responses are uniform in time, in magnitude and in
all cells, although the magnitude of the steady state ECaZ*]i levels, to which these levels
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returned after 5 min of exposure to Na'-free medium revealed a slight cell-dependency
(results not shown).
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Figure 6 Time-dependent changes in ratio values {R=F 44 r/F ag0 ks réflecting {Ca?']; of four individual
cardiomyocyles as are depicted in fig 4C (cells 1, 2, 3 and 4) after stimulation with 10 M
phenylephrine (PHE), expressed as percentage change of baseline value.

DISCUSSION

Previously, we measured the formation of total [3H]InsPR and showed that stimulation of
neonatat rat ventricular myocytes with either PHE or ET-1 resulted in a rapid (within seconds)
and a strong activation of the PtdIns-cycle in a dose-dependent manner [15]. Subsequently,
when we studied the formation of second messengers upon stimulation with PHE (10 M)
or ET-1 (10° M) no significant elevation of putative [Caz"]i increasing compounds, i.e.
Ins{1,4,5)P; or Ins(1,3,4,5)P,, was detected [16]. Therefore it is suggested that in the model
of cultured neonatal rat ventricular myocytes, the Ca*-mobilizing function, implied for these
compounds, was limited or strictlly compartimentalized [5-7]. After PHE or ET-1 stimulation,
we observed, however, a late rise (8-16 min} of (1,2)DAG. Although an intracellutar Ca?
mobilizing role for (1,2)DAG is not generally assumed, there are a number of studies that
have shown that activation of protein kinase C in ventricular myocytes can produce a rise in
[Caz"}i or Ca®* currents [20-22]. Moreover, we and others demonstrated recently that ET-1
{and a;-adrenergic) stimulation of ventricular myocytes produces a late activation of
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phospholipase D which leads to intracellular formation of phosphatidic acid and (1,2)DAG
[35,36].

On the other hand, we have provided evidence for feedforward activation of phospholipase
C by elevation of [Caz*}é during agonist-induced actlivation. This was proven e.g. by exposure
of intact cardiomyocytes to various exogenous agents, such as Ca?* jonophore A23187 or
ethylene glycol bis(B-aminoethyl) N,N,N'N'-tetraacetic acid (EGTA) [8]. In saponin-
permeabllized cells, we showed indeed that phospholipase C activity itself was Ca®
dependent by adding Ca®* and GTPyS to the incubation medium. Therefore, we were
interested to know whether PHE (107 M) or ET-1 (10® M) could evoke a [(3-::12"]i response,
to obtain more knowledge of the position of intracellular Ca®* in the integrated pattern of cell
signalling mediated by a,-adrenergic agonists or endothelins.
In the present study, we examined the PHE- and ET-1-induced [Caz*’}i responses by single
cell imaging flucrescence microscopy with fura-2 as Ca®’ indicator. Because subfle [Caz“}j
rises after either agonist were hardly detectable on top of the beat to heat [Caz"]i transients,
we added the L-type Ca®* channel blocker diltiazem which suppressed the Ca?* transients
completely. The use of diltiazem was preferred to other Ca®' entry blockers such as
nifidipine, which is light sensitive, or verapamil which has antagonistic properiies against a;-
adrenergic receptors [37,38]. Diltiazem (10 M) had only a slight inhibitory effect on PHE-
induced phospholipase C activity, which is in agreement with the previously observed effects
of the Ca®* entry blocker nifidipine on ET-1 (108 M) stimulated phospholipase C activity [8].

Stimulation of the cultured cardiomyocytes with PHE (10 M) or ET-1 (10 M) in the
presence of diltiazem (16 M) revealed delayed and small elevations of [Caz*]i, apparently
different in pattern (a monophasic- and biphasic response, respeclively) setting off at 8-9 min
after agonist addition {Figs. 1 and 2). Earlier, we did not detect any efevation of putative
[Caz“]i increasing compounds (Ins(1,4,5)P; or Ins(1,3,4,5)P,) although high activity of the
Ptdins turnover was demonstrated by detection of phosphorylation and dephosphorylation
products of Ins(1,4,5)P {16]. This would suggest that the agonist-mediated [Caz"}i increase
in single cells is a result of a cascade of Ca®-induced CaZ'-releases, perhaps initially
induced by small rises of Ca® releasing Ins(1 4,5)P, concentrations confined to
microdomains below the plasma membrane [39], to subsarcolemmal 'clefts’ [40], or to a
reduced number of cells in which intracellular Ca®*-responses were elicited as observed with
single cell Ca** imaging. The minor Ins{1,4,5)P; elevations may not be detectable with
current methods, leaving the cause of an increase of [Ca2+]i following agonist stimulation to
be elucidated. Up to now no immunocytochemical studies have been published which have
used antibodies against Ins(1,4,5)P; or Ins(1,3,4,5)P, to determine intracellular and
intercellular heterogeneity in responses in myocardial cells. In view of the late onset of the
PHE and ET-1 induced [Caz*}, increases as well as the distinction in pattern, it can be
asstimed that the previously observed (1,2)DAG responses are more likely involved [16]. in
this respect, it is interesting that in the previous study on PHE and ET-1 induced celiufar
responses we found distinct second messenger {(inositolphosphate isomers and (1,2)DAG)
responses [16]. More recently, we observed that protein kinase C-¢ is translocated by
stimulation of cardiomyocytes by ET-1. This isoenzyme of protein kinase C does nof require
[Caz“}j elevations for its aclivation [35). Additionally, Clerk and colleagues (1994)
demonstrated proportional differences in protein kinase C-e translocation after either ET-1
or PHE stimulation of neonatal ventricular myocytes [41], while others demonsfrated in
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cardiomyocytes that ET-1 stimulates T-iype Ca®* channels and that the effect is likely
mediated by protein kinase C [22]. The involvement of protein kinase C-isoenzymes In the
ay-adrenergic agonist or ET-1 mediated [Caz*];-increases was demonstrated in cultured aduit
ventricular myocytes using activators and inhibitors of protein kinase C [42,43]. As far as the
involvement of the change in Na*/H" exchange in the agonist-induced [Caxz‘”]i responses is
concerned, no distinclion can be made between the effect of PHE and ET-1. Both agonists
were inducing an alkalinization, which Is befieved to contribute to the [Caz*}j rise by its
influence on the Ca®' influx via Na*/Ca®" exchange.

The Ca®'-responses in individual myocytes within the field of view appeared to be
heterogeneous in time, magnitude and among cells (Figs. 5 and 8). One aspect of this
phenomenon has been described for populations of enzymatically isolated adult
cardiomyocytes which revealed different subcellular patterns of {Ca2+]i associated with
different types of cellular appearance and behaviour [44]. Differences in basat [Caf‘”]i might
be reflecled in the level of SR Ca®* content and consequently in different Ca®* release
patterns andfor subceliular positive feedback [45]. However, in the present study there was
no refationship between the baseline [Caz"]i level and the degree of change of [Caz*],. on
single myocyte level (results not shown). Another aspect confributing to the heterogeneity of
cellular responses may be the developmental state and changes through differentiation and
maturation of cardiomyocytes in culture. The expression of a,-adrenoceptor subtypes, i.e. a.,
and g, is suggested to vary with culture time, represenling a potential modulatory role for
a-adrenoceptor subtype-mediated positive chronotropy in neonatal rat cardiomyocytes [46}.
Furthermore it is shown that different ionic mechanisms may be responsible for ay-
adrenoceptor activation during the different stages of development, although already after 3
days of culture the receptlor has changed from coupling to L-type voltage-gated Ca?* channel
to coupling to the PtdIns cycle pathway [47]. The heterogeneity in formation of gap junctions
in myocytes in culture might cause heterogeneity in [Caz“}j responses as well, depending
obviously on cell density but also on intracellular pH and [Ca™*} [48].

Very recently, during the preparation of this manuscript, a report appeared describing
noradrenatine-induced Ca?* responses in quiescent single rat neonatal cardiomyocytes in
combination with measurements of InsP, formation although no distinction was made
between the IP, isomers. Considerable heterogeneity in Ca®* responses among cells was
observed in parallel with a large increase of InsP; {49]. In our previous study we observed
no significant increase of Ins{1,4,5)P, and Ins(1,3,4)P; after PHE stimulation, but if we used
ET-1 we found a 4 fold increase of ins{1,3,4)P, after 8 min [16]. Therefore the lack of
discrimination between InsP, [somers makes comparison with that recent study rather difficult
[49}

In conclusion, {Caz“}j responses induced by the a,-adrenergic agonist and ET-1 in
cardiomyocytes arrested by diltiazem are delayed in time, small and vary among cells. Under
the conditions chosen, a dramatic and homogeneous increase of {Caz*], may occur by
allowing Ca®*-influx using Na'-free medium. The results are in agresment with earlier
observations of our group which showed no detectable increase of Ins(1,4,5)P, and
Ins(1,3,4,56)P, after stimulation with a,-adrenergic agonist or ET-1 in the same cell
preparation and suggest that other second messengers such as (1,2)DAG are involved in
agonist mediated Ca®* signals.
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Polyunsaturated fatly acids and signalling

ABSTRACT

Dietary n-6 and n-3 polyunsaturated fatly acids (PUFAs) have potent biological effects on the
blood{cells), the vasculature and the myocardium. In the epidemiological studies in which the
benefit from the regular ingestion of n-3 PUFAs was reported, the responsible mechanisms
remain obscure. A great deal of the PUFA-effect can be explained by the known interference
with the eicosanoid metabolism. Many processes, believed to be involved in atheragenesis
such as adhesion and infiltration of bloodcells (in)to the vasculature, platelet aggregation,
secretion of endothelium-derived factors and mitogenic responses of vascular smooth muscle
cells are partially mediated by receptor-activated phospholipases C-# and A,. As PUFAs take
part at many steps of the signalling pathways, the latter could represent important action sites
fo beneficially interfere with atherogenesis. In this brief review, we have discussed the results
of studies on the influence of alteration of PUFA composition of the membrane phospholipids
or of exogenously administered non-esterified PUFAs on phospholipid signalling. For
convenience, we have mainly focused our discussion on those studies available on the
myocardium. By changing the PUFA composition of the phospholipids, the endogenous
substrates for the membrane-associated phospholipase C-g and A, are changed. This Is
accompanied by changes in their hydrolytic action on these substrates resulting in alterad
products {the molecular species of 1,2-diacylglycerols and the non-esterified PUFAs) which
on their turn evoke changes in events downstream of the signalling cascades: activation of
distinct protein kinase C isoenzymes, formation of distinct eicosanoids and non-gsterified
PUFA effects on Ca®’channels. It has also become more clear that the membrane
physicochemical properties, in terms of fluidity and cholesterol content of the bilayer, might
undergo changes due to altered PUFA incorporation into the membrane phospholipids. The
latter effects could have consequences for the receptor functioning, receptor-GTP-binding
protein coupling, GTP-binding protein-phospholipase C-g8 or A, coupling as well. It should be
noted that most of these studies have been carried oul with cardiomyocytes isolated from
hearts of animals on PUFA diet or incubation of cultured cardiomyocytes with non-esterified
PUFAs in the presence of albumin. Studies need to be performed to prove that the PUFA-diet
induced modulations of the phospholipid signalling reactions do occur in vivo and that these
effects are involved in the mechanism of beneficial effecis of dietary PUFAs on the process
of atherosclerosis.

INTRODUCTION

Dietary polyunsaturated faily acid (PUFA) intake influences the fafty acyl composition of
cardiac cell membranes especially by altering the degree of polyunsaturation. The effects of
dietary PUFA on serum lipoprotein levels and membrane phospholipid fatty acyl composition
and its (patho)physiological and biochemical consequences have extensively been studied
in the cardiovascular system, however the mechanisms underlying the beneficial effects of
PUFAs, of either the n-8 or n-3 family, are fargely unclear. For instance, epidemiologic
studies by Bang and colleagues {1976) under Greenland Eskimo's, by Kawaga and
colleagues under Japanese fishermen, and by Kromhout and colleagues under Dutch men
in the city of Zutphen have supported an inverse correlation between the consumption of fish
and the mortality of coronary heart disease [1-4]. The epidemiclogical evidence has led fo
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a great number of experimental and clinical studies that revealed beneficial effects on serum
lipoprotein levels and anti-aggregatory, anti-inflammatory, anti-hypertensive and anti-
atheromatous effects of dietary n-3 PUFA-enriched marine oils, results with which have been
dealt in several recent reviews [5-11). It is known for a long time that different types of
eicosaneids are formed from eicosapentaenocic acid (20:5n-3) and docosahexaenoic acid
(22:6n-3) as compared to arachidonic acid (20:4n-6). Eicosanocids have multiple effects
related to the regulation of e.g. bloodpressure, capillary permeability, inflammatory reactions
and piatelet function. Therefore, the general finding that eicosanolds derived from n-3 fatty
acids are less potent agonists than the corresponding compounds derived from 20:4n-6
provides partially explanations for the mechanisms of the afore mentioned effects of n-3
dietary PUFAs on the pathophysiclogy of atherosclerosis [5-11].

The intracellular signalling pathway, called the phosphatidylinositol-cycle (Ptdins-cycle),
involves the receptor-mediated activation of GTP-binding protein- (G-protein) associated
phosphatidylinositol-4,5-bisphosphate (Ptdins(4,5)P,)-specific phospholipase C-g {PLC-8) and
tyrosine phosphorylation-regulated PLC-y. Aclivation of PLC-8 and PLC-y results in the
formation of the putative Ca®* releasing compound inositol-1,4,5-trisphosphate (ins(1 4.5)P3)
and the activator of the protein kinase C (PKC) isoenzymes, 1,2-diacylglycero!l (1,2-DAG)
{12,13]. The signalling pathway of the PtdIns-cycle links various stimuli such as hormone- and
growth factor- and mechanical stretch to their final responses at the transcriptional level
through formation ofthe PKC and Caz*—calmodutin-dependent PKC activators; 1,2-DAG, ca®,
and Ca®'-calmodulin. Many processes, belleved to be involved in atherogenesis, such as
expression of leucocyte adhesion molecules, adhesion and infiltration of blood cells to the
vasculature, platelet aggregation [14], mechanical stress effects on the endothelium [15},
secretion of endothelium-derived factors [16] and mitogenic responses of vascular smooth
muscle cells [5,17] are partially mediated by activation of the Pidins-cycle. This signalling
mechanism may provide an additional target for n-3 falty acids to interfere with the
atherosclerotic process. The Ptdins-cycle activity could be affected by the modification of the
fatty acyl composition of the membrane phospholipids at several steps of the signalling
cascade. As examples, the incorporation of n-3 and n-8 PUFAs in the membrane
phospholipids has been shown to inhibit the «,-adrenergic receptor mediated production of
total inositolphosphates (InsP,} in rat cardiomyocytes [18], to partially block thrombin
stimulation of platelets in rabbits [19}, {o affect oy~ and B-adrenoceptor binding characteristics
in heart [20], to influence the regulatory characteristics of G-protein activaling protein in
neoplastic cells {21], and to modulate the PKC activity in lymphocytes [22].

Many of the biological effects of n-3 and n-6 PUFAs are ascribed fo their known effects
on the eicosanoid metabolism and the substrates for cyclooxygenase and lipoxygenase,
20:4n-6, 20:5n-3 and 22:6n-3, are believed o be produced by stimulation of the receptor-
coupled PLA,. Less attention, however, has been given to the possible effects of alterations
in membrane phospholipid fatty acyl composition by dietary PUFA on the PLA, signalling
pathway. Not only the eicosanoids formed from 20:4n-6, 20:6n-3 and 22:6n-3 by
cyclooxygenase and lipoxygenase action are different, but also the aclivity of the PLA,,
producing the PUFA substrates, could be influenced by the environmental core-phospholipids
or fluidity of the membrane and the molecular species of the phospholipid substrate. Other
factors are the competition that ocours between the n-3 and n-8 PUFAs at the active site of
cyclooxygenase and lipoxygenase and that n-3 as compared to n-6 PUFAs are rather poor
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Table 1. Metabolic pathways for desaturation and elengation of n-3 and n-6 PUFAs

N-6 family enzymes N-3 family
18:2 18:3
+ +« AB-desafurase = H
18:3 18:4
+ « elongase = +
20:3 20:4
+ = Ab-desaturase = +
20:4 20:5
i « elongase = i
22:4 22:5
+ ‘ < Ad-desafurase = i
22:5 226

Mammalian cells cannot transform n-3 and n-6 PUFAs into one another, but n-3 and n-6 PUFAs share
common enzymes for some of their metabolic pathways. N-3 PUFAs usually have higher affinity for
the elongation and desaturation enzymes than do n-6 PUFAs [7].

substrates for the eicosanoid forming key-enzymes {5,7].

Dietary n-6 and n-3 PUFAs are also metabolically competitive. As shown in Table 1,
mammalian cells cannot transform the essentiat n-3 and n-6 fafty acids into one another,
although n-3 and n-6 PUFA metabolism share common enzymes for some of their metabolic
pathways (Table 1). N-3 PUFAs usually have higher affinity than the n-6 PUFAs for the
elongation and desaturation enzymes [7}. The A6 desafurase is often the rate-limiting
enzyme in the elongation and desaturation process. In addition to mixing with the large pool
of fissue derived non-esterified PUFAs, their subsequent desaluration and elongation,
incorporation into the membrane phospholipids, conversion info eicosanoids, oxidative
breakdown, storage in tissue triglyceride and incorporation into circulating lipoproteins are all
subjected to competition between members of the ftwo PUFA families. The enzymes that
regulate the degree of unsaturation of membrane phospholipids such as the A8-, A5- and
Ad-desaturases {Table 1), are the principal regulatory enzymes in the further desaturation
of the essential n-6 and n-3 PUFAs. The expression and so the activities of these enzymes
are modified by the content of PUFAs in the diet [23].

The consequences of changing the fatty acyl composition in terms of membrane lipid
dynamics and protein- or cellular funclion await further definition. In view of repored
beneficial effects of dietary PUFAs on atherogenesis, thrombosis, vascular reactivity and
myocardial ischemia, more insight is needed into the effects of PUFAs on the specific celiular
functions in the cardiovascular systern. Therefore, in this brief review we have focused the
discussion onto the reported effects of increased PUFA incorporation into the cardiac
membrane phospholipids by dietary means or otherwise, to the consequences for the trans-
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membrane signalling by PLC-# and PLA,. In addition, attention is given to the possible effects
of PUFA on membrane protein dynamics and bilayer function. The multiple sites at which
PUFAs could interfere with PLA,, C-# and D signalling uitimately leading fo an aitered
biological response are schemalically presented in Figure 1.

| DIETARY FATTY ACIDS ]
-
| MEMBRANE FATTY ACID COMPOSITION ]
¥

PHOSPHOLIPID MOLECULAR s MEMBRANE
CLASSES SPECGIES CHOLESTEROL

ASYMMETRIC
DISTRIBUTION
IN BILAYEA

MEMBRANE
FLUIDITY

¥ ¥
AGONIST-REGEPTOR G-PROTEIN PHOSPHOLIPASE
INTERACTION FUNCTIONR A, C,D-FUNGTION

[ : — —— |
Ins{1,4,8)P, | 1,2-DAG PA
PUFAs Ins(1,3,4,5)P, MOLECULAR MOLECULAR

[ SPEGIES SPECIES
, l l

Ca>CHANNEL PROTEIN KINASE
FUNGTION -~ FUNCTION
l e.g. PKC isozymes

* )
[Ca?); BIOLOGICAL RESPONSES

Figure 1 Schematic presentation of the fransmembrane signalling via phospholipase A,, C and D,
interactions and possible action sites of the medification in the fatty acid profile of the membrane
phospholipids, ultimaltely affecting the biological responses in cardiomyocyfes. See the fext for
explanation.

INCORPORATION OF (DIETARY) PUFA INTO HEART PHOSPHOLIPIDS

The natural mode of modifying the membrane phospholipids is by altering the n-6 and n-3
PUFA content of the diet. Changes of the n-6 and n-3 PUFA composition of the membrane
phospholipids reflect the composition of the diet, although not strictly {24-27]. The alliance
is distorted by metabolic effects like the competition between n-8 and n-3 PUFA for
desaturation and elongation (Table 1). The regulation of the fatty acyl group composition of
membranes is mediated by comparimentalized enzymes. In the endoplasmic reticulum the
novo synthesis of the n-9 PUFAs takes place, while in the sarcoplasmic reticulum,
mitochondria, and sarcolemma the fine adjustments of PUFA content of membrane
phospholipids occur via rapid deacylation-reacylation processes. By enzymatic desaturation
of n-3, n-6 and n-9 PUFAs and their mixing with the cellular pool of non-esterified fatty acids

91



Polyunsaturated fatty acids and signaliing

the overall polyunsaturation degree of the membrane bilayer is adapted to maintain its
optimal motional characteristics and to meet the environmental requirements of the
embedded proteins. Furthermore, the bicsynthetic processes such as the acylation of
phospholipids, desaturation and elongation of PUFAs are subjected to competition between
n-6 and n-3 PUFAs leading to a bafanced incorporation into the phospholipid molecules. For
instance, when marine oil-enriched diets were taken, anincrease in 20:5n-3 and 22:8n-3 acid
was seen in the phospholipids of the heart {24,25]. However, when no n-3 PUFAs but 18:2n-8
was present in the diet, apart from an increased incorporation of 18:2n-6, more of
docosapentaencic acid (22:5n-6) is formed by elongation and desaturation of 18:2n-6,
resulling in an elevation of its level, revealing a reciprocal correlation between the levels of
n-8 and n-3 PUFAs [25].

The fatly acid composition of newly synthesized phospholipids can also be modified by
elongases and desaturases at their site of action. This is suggesting that these enzymes,
responsible for the fine adjustments, play an important role in the adaptation of membrane
fatty acyl group composition to environmentat infltences such as changes in the lipid profile
of the diet or the culture medium of cardiomyocytes [25]. Although the overall contents of the
differant phospholipid classes are mostly unchanged, a dynamic distribution of the different
molecular species of the phospholipids over the lipid bilayer is demanded by the enzymatic
requirement of the substrates, because the corresponding membrane-bound- or cylosol-
localized enzymes should be able to reach the appropriate bilayer leaflet for membrane
function [18,25]. While the composition and orientation of phosphelipid molecular species
including their fatly acyl composition likely influence the process of phospholipid signalling
{receptor-G-protein-phospholipase coupling), itis the latter process thaf on its lurn may have
consequences for changes in the molecular species and distribution of the phospholipid
classes over the lipid bilayer [18]. Moreover, e.g. the rate of conversion of
phosphatidylethanolamine into phosphatidylcholine {by phospholipid methylation} and PltdIns
into Ptdins{4,5)P, (by PldIns kinases) may be indirectly stimulated by «,- and g-adrenergic
receptor stimulation of the methylating or phosphorytating membrane-associated enzymes.

As said before, phospholipids do contain "information” in addition to their important
structural role in membrane function. The "information” stored in phospholipid molecules can
be released mediated by receptor-G-protein- and receptor-non-G-protein-coupled aclivation
of phospholipases A;, C and D. Therefore, the hydrolysis of phospholipids is a major event
in transmembrane signalling. Thus the signaltransduction by phospholipases, the fatty acyl
composition of membrane phospholipids and phospholipid class distribution could be mutually
influencing (Fig. 1).

The influence of different dietary fatty acids on fatty acid composition of myocardial
phospholipids has been studied in an variety of experimental models. Many of these studies
involve the search for the influence of diets providing amounts of n-6 PUFA {e.g. 18:2n-6 in
soybean- or sunflower-cily and n-3 PUFA {e.g. 20:5n-3 and 22:6n-3 in marine oils) in
abundance to the normal situation, and were performed with rats {24-30]. The mode of
stimulation of incorporation of the different PUFAs into the cardiac membrane phospholipids
varied from feeding the animals with the diet for a period of fime and subsequent
investigation of biopsy material from the heart {27,30,31] to first feeding the animals, and
subsequently collecting their sera to grow primary rat cardiomyocyte cultures on {32} to
perfusion or incubation of cardiomyocyles with fatty acid enriched medium [18, 33-39). When
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Table 2, Effacts of n-3 and n-6 PUFA treatment on physicochemical characteristics {A) and
signalling function (B} of the sarcolemma of necnatal rat cardiomyocytes

Intact cells Permeabilized cells
n-3 n-6 n-3 n-g
PUFA PUFA PUFA PUFA
A)
PUFA content of phospholipid t t t t
Membrane fluidity + N.S, - -
Cholesterolfphospholipid ratio b N.S. - -
Double bond index t N.S. t N.S.
Resistance to saponin permeabhilization t N.8. - -
B)
PLC-8 acfivity mediated by:
a;-adrenoceptor ¢ N.S. - -
Endothelin-1 receptor t N.S. - -
GTPyS - - ¥ i

N.S., -, 4, and t stands for a not significant, a not measured, a decreasing and an increasing
effect, respectively.
The changes described in this Table are based upon results as described in [39].

studying the intact heart it is impossible to determine the chemical composition of lipids of
the cardiomyocytes separately from the other cells, such as endothelial cells, smooth muscle
cells or fibroblasts. But, as the fatty acyl composition of isolated or cultured cardiomyocytes
appears {o be as slable as that of the whole hear [33,40], many investigators have been
using the model of primary cultures enriched in cardiomyocytes which are placed in controlled
extracellular environments such as superfusion or incubation medium with a long enough
viability to allow the effective and rapid fatty acid incorporation that can normally be achieved
in vivo [18,33-39].

The consequences of the alterations in the phospholipid fatty acid composition in terms
of membrane lipid dynamics and protein- or cellular function of the heart membrane is still
in the phase of speculation. It is, however, certain that the selectivity of many enzymatic and
transport functions of the plasmamembrane requires the optimal lipid environment of each
integral and peripheral membrane protein. The rotational and lateral diffusion of the
membrane proteins must be determined by the membrane fluidity which is directly dependent
on e.q. the physical properties of the phospholipid acyl chains such as the degree of
unsaturation and length of the acyl chain. The molecular species and asymmetric distribution
of the phospholipids in the membrane hilayer and the molecular species of core-
phospholipids of each functional membrane protein as well as the amount of membrane
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cholesterol can all potentially be changed by alterations in the lipids in the diet or in the
incubation medium of isolated cells. Therefore, it is inferesting to note that the cholesterol
over phospholipid ratio of neonalal rat ventricular myocytes exposed to 20:5n-3 enriched
culture medium for § days, increased 1.7 times (Table 2 and ref. 39). In this study the overall
PUFA composition of the cellular phospholipids was drastically changed: 23 mole % 20:5n-3
incorporated (versus 0.5 mole % 20:5n-3 in control-freated cells) mainly at the expense of
18:2n-6 and 20:4n-3, which results confirmed our previous observations [18]. Accordingly, the
double bond index, defined as the mean number of double bonds per mole of falty acid, was
markedly increased in 20:5n-3 pretreated cardiomyocytes (2.33 versus 1.76 in control-treated
cells), whereas in linoleic acid {18:2n-6) pretreated cardiomyocytes only a slight, non-
significant, increase was found (Table 2 and ref. 39). Unexpectedly, the membrane fluidity,
assessed by measuring the fluorescence steady state anisotropy (r,) of the plasma
membrane specific fluorophore TMA-DPH {1-(4-trimethylammonium-phenyi)-8-phenyl-1,3,5-
hexatriene, p-toluenesulfonate), decreased 10 % in the 20:5n-3 pretreated cardiomyocytes
as compared fo control-treated cells (Table 2). Apparently, in ventrcular myocytes the
increase of membrane cholesterol compensates more than the fluidizing effect of the marked
increase in the degree of unsaturation of the fatty acids. It is also interesting to note that we
observed an increased resistance of the 20:5n-3 treated cells fo permeabilization by saponin
(Table 2 and ref, 39). As saponin is known to destabilize the plasma membrane of cells by
complexation of cholesterol, the higher stability due to the 20:5n-3 treatment can be ascribed
to the observed increase of membrane cholesterol content. In rat smooth muscle cells it was
reported that no differences in cholesterol content were found after 12 h of incubation with
20:5n-3- or 22:6n-3-bovine serum albumin complexes while 8 and 9.5 mole %, respactively,
of these parlicular fatty acids were incorporated in the phospholipids, at the expense of the
n-6 PUFAs [41]. it should be noticed that in the smooth muscle cells from the control fed rats
the relative incorporation of 18:2n-6 and 20:4n-6 was only 5 and 3.4 mole % respectively, in
compatisort to the 17 and 18 mole %, respeclively, that we found in the control treated rat
neonatal cardiomyocytes {39]. However, in contrast with our data obtained in rat neonatal
cardiomyocyles, the increased incorporation of 20:5n-3 and 22:6n-3 in the smooth muscle
cell phospholipids, enhanced the mechanism that regulales the cholesterol homeostasis, that
is ptasma membrane cholesterol desorption from the cell membrane bilayer. It was
hypothesized that the cholesterot effiux from the plasma membrane is determined by the
physicochemicai membrane properties, that on their turn depend on the membrane
phospholipid fatly acid profile [41]. It was suggested that the PUFAs incorporated in the
phospholipids altered the transbilayer differences in fluidity reversing the membrane
transbilayer chofesterol distribution through specific pools or domains [41).

DIETARY PUFA AND THE SIGNALLING CASCADE OF THE RECEPTOR-MEDIATED
PHOSPHOLIPASES

The PLA, signalling pathway is usually thought to be influenced by PUFAs mainly at the level
of the paftern of eicosanocids formed. it can not be excluded that PUFAs are effective
upstream of lipoxygenase and cyclooxygenase: e.g. by alterations of molecular species of the
PLA, substrates, the core-phospholipids and the membrane fluidity and by competition
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Table 3. Studies available dealing with dietary n-3 and n-6 PUFA effects on membrane-bound phospholipase C-# and A, of myocardial cells

Model Phospholipase Growth medium supplement  Dietary oil Ref.
Cultured rat ventricular myocytes PLC-8 22:6n-3 - [38]
Cultured rat ventricular myocytes PLC-8 18:2n-8 or 20:5n-3 - [18]
Isolated rat left atrial cardiemyocytes PLC-g - fish oil [30]

safflower oil

coconut oil

clive oil

palm oif
Cultured rat ventricular myocytes PLA, 20:5n-3 or 22:6n-3 [42]
Cultured rat ventricular myocytes PLA, 20:5n-3 or 22:6n-3 [34]
Homogenates of Atlantic salmon hearts PLA, - sunflower il [79]

linseed oil

fish oil
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between n-6 and n-3 PUFAs for cyclooxygenase as well as lipoxygenase. By their
incorporation into the membrane phospholipids and by mixing with the cellular non-esterified
fatty acid pool dietary PUFAs can also potentiaily affect various steps of the signalling
pathway initiated by receptor-mediated PLC-# activation. in Table 3, a list of the few existing
studies on dietary PUFA effect on the PLC-# and A, activity in myocardium is presented.
Although several studies have focused on the effects of PUFA-treatment on the functioning
of particularly receptors, G-proteins, PLC-8, PLA,, second messengers Ins(1,4,5)P; and 1,2-
DAG, and PKC isoenzymes, the specific steps affected and the overall consequences of
PUFA-treatment on the signalling cascade has still to be unravelled. A number of these
studies are discussed below [18,30,34,38,42].

Receplors

There is some evidence that changes of the faity acid composition of the phospholipids may
alter the agonist-receptor binding characteristics. It is reported, that, when the fatty acid
composition of ceriain phospholipid classes like phosphatidylcholine and
phosphatidylethanotamine of myocardium are changed by dietary means or pharmacologically
after repeated administration of hydrocortisone andfor epinephrine [20,31], these alierations
paraileled decreases in affinity of the ay-adrenergic receptors and coincided with changes in
the number of #-adrenergic binding sites [20]. However, these resuits should be interpreted
with care because the observed effects on a-adrenoceptor-binding characteristics are more
likely caused by chronic stress-induced receplor desensitization. Next to the differential
mechanisms responsible for a;- and g-adrenoceptor regulation, it was speculated that
because adrenergic receptors span the entire thickness of the membrane bilayer a change
in membrane phospholipid acylchains could result in an increase in bilayer volume associated
with a conformational change in the membrane receptor. In our laboratory the influence of
n-3 and n-6 PUFA treatment on the Pldins-cycle function was studied in intact cultured
neonatal rat cardiomyocytes eilher stimulated by aj-adrenergic agonist or endothelin-1
{18,39]. The InsP,, production after a-adrenergic agonist stimulation of intact cardiomyocytes
was inhibited but it was increased after endothelin-1 stimuiation {Table 2 and refs. 18 and
39). To circumvent agonist-receptor-interaction, in separate experiments, saponin-
permeabilized PUFA treated cardiomyocytes were stimulated with GTPyS. Direct stimulation
of the G-protein-coupled PLC-2 with GTPyS in permeabilized cells was reduced in n-3 PUFA
treated cells as compared to control treated cells. These results indicate that at [east the n-3
PUFA freatment-induced modifications of the phospholipids in the sarcolemma affects
transmembrane signalling by PLC-8 at the level of the agonist-receptor interaction.

GTP-binding-proteins

The next in fine of the cascade of cell signalling is the function of heterotrimeric G-proteins
and the low-molecular-mass G-proteins or the Ras-related superfamily of G-proteins [43]. The
heterotrimeric G-proteins consist of a GTP-binding a-subunit and a regulatory gy heterodimer.
They are localized to the inner surface of the plasma membrane and are, in general, coupled
to members of the transmembrane recepters that share the seven transmembrane spanning
topological sfructure. Low-molecular-mass G-proteins can hydrolyse GTP to GDP. The
inactive GDP-bound protein is conformationally activated to obtain the GTP-bound state,
which is regulated by guanine nucleotide exchange factors. The intrinsic GTPase activity of
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the tow-molecular-mass G-proteins can in turn be regulated by GTPase-activating proteins.
The modifications of G-proteins have been shown to be related to their association with cell
membranes, sither through direct interaction with the lipid bifayer or by facilitating the
interaction with other proteins such as receptor proteins, specific interacting accessory gy
complexes, exchange factors or guanine nucleotide dissociation factors [43}. For example,
hesides the covalent modification of the G-proteins by isoprenylation, carboxyl methylation,
palmitoylation and myristoylation, one could suggest that the membrane phospholipid fatly
acid composition, imposing the membrane fiuidity and phospholipid core, determines the
anchoring and or mobility of the different G-protein subunits: the a-monomer and the gy-
heterodimer. However, at present there are only a few myocardial studies available that
report specifically on the effects of diefary PUFAs on G-profein funclioning. Evidence has
been obtained in polymorphonuclear leucocytes that 20:4n-6 directly modulates the G-protein-
mediated signals [44]. Another study on atidal cells from the builfrog showed that 20:4n-6
modulates the G,-protein-mediated inwardly rectifying K* current via its products formed by
cyclooxygenase and lipoxygenase [45]. In the latter study, blockade of the cyclooxygenase
resulted in enhancement of the rate of Gy activation hence mediated by the 20:4n-6
metabolites formed by lipoxygenase, while blockade of the lipoxygenase pathway resulted
fn the opposite effect on G, activation [45]. It was reported that in adipocytes the Gi-protein,
that couples inhibitory receptors to adenylate cyclase, was effected specifically by free 20:5n-
3, resulting in the inhibition of adenylate cyclase activily, while neither 22:6n-3 nor 20:4n-6
did sc. This conclusion was drawn based upon the observations that the inhibitory effect of
20:5n-3 on adenylate cyclase activity was GTP-dependent and non-competitive with 8-
adrenergic agonist isoprenaline. The inhibitory effect of 20:56n-3 on G; was eliminated
following by treatment of either intact adipocytes or isolated adipocyte plasma membranes
with pertussis toxin, which is known to induce ADP-ribosylation of the G; and thereby to
inactivate G; activity [21).

Phospholipase C-8

Several non-myocardial studies support that dietary PUFA affects the receptor-mediated
aclivation of PLC-g. itis likely that these effects of distary PUFA coniribute to the mechanism
responsible for the vasodilatory, anti-thrombotic, anti-inflammatory and anti-atheromatous
effects of dietary PUFAs. For example, it was shown that thrombin-stimulaled InsP,
production of platelets was reduced in rabbits fed with a 20:5n-3 enriched diet for five weeks,
whereas the thromboxane (TXA} production was not affected [19]. A n-3 PUFA rich diet
suppressed low density lipoprotein (LDL) or angiotensine Il induced ins(1,4,5)P, production
in smooth muscle cells from rat aorta [46,47]. The suppression of LDL mediated Ins(1.4,5)P,
production after n-3 PUFA rich diet was shown to be partly due to restrained TXA, formation.
However, in the angiotensine ll-stimulated cells the diminished Ins(1,4,5)P; formation could
not be restored by TXA, receptor-antagonists or inhibitors of the TXA, synthesis. The latter
would demonstrate that the dietary PUFAs do exert their effect on PLC-2 not by modifying
PLA, or cyclooxygenase activity.

It is unclear whether the dietary PUFA-induced activation of phospholipid composition has
its effect at the level of agonist-receptor interaction, receptor-G-protein- or G-pretein-PLC-8
coupling. We found that the a,-adrenergically stimufated PLC-8 in neonatal rat ventricular
myecytes was reduced in n-3 PUFA prelreated cells whife the endothelin-1 stimulated PLC-g
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was enhanced (Table 2) {18,39]. More recently, it was also found in left atrial myocytes
isolated from rats fed n-3 and n-6 PUFA enriched oils for eight weeks, the total release of
InsP, was reduced in the presence or absance of norepinephrine {30].

Phospholipase A,

There is also much evidence that the receptor-mediated PLA, Is involved in the mechanisms
that contributes in vasodilatory, anti-thrombotic, anti-inflammatory and anti-atheromatous
effacts of dietary PUFAs by alteration of the available substrate profile for the cyclooxygenase
and the lipoxygenase. PLA, catalyses the hydrolysis of unsaturated fatty acids esterified at
the sn-2 position of the membrane phospholipids. Subsequently these PUFAs formed serve
as a precursor for the eicosanoid pathway [48]. The eicesanoids produced from 20:4n-6 and
20:5n-3 are different compounds (Fig. 2). In general, the eicosancids formed with 20:5n-3 as
aprecursor, are poor agonists in comparison to their 20:4n-6 counterparts. Moreover, 20:4n-6
and 20:5n-3 will compete for the cyclooxygenase and lipoxygenase (Fig. 2). These efiects
of distary PUFA downstream of PLA, do not exclude dietary PUFA effects exerted on PLA,
itself. Although the mechanism of activation of the PLA, isotype involved is fargely unclear,

Phospholipids

‘ phospholipase A,

20:4n-6
(20:5n-3)
5-lipoxygenase cyclooxygenase
Leukotriene A, Cyclic Endoperoxides
(Ag)
]
Leukotriene
B, (Bs)
Prosta- Prosta- Thrombo-
and glandin cyelin xane
PGE, PGl, TXA,
(PGEg) (PGly) (TXAz)

Figure 2 Schematic presentation of the involvement of phospholipase A, in the production of
eicosanoids from 20:4n-6 and 20:6n-3. Eicosanoids formed with 20:6n-3 as a precursor are given in
parentheses. Depending on the precursor molecule, the eicosancids will contain different numbers of
double bonds and display different biological activity [7]. In general, the 20:5n-3 derived eicesanoids
are weaker agonists in comparison to the analogous compounds derived from 20:4n-6.
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it was recently reported that the mechanical stretch induced release of 20:4n-6 in myocardial
cells is mediated by an angiotensin li-sfimulated PLA, that is G-protein-coupled {45,49].
Presently, little information is available on the characteristics of myocardial phospholipase(s)
of the reaclive type A,. Up till now, several low-molecular weight PLA, forms were found, e.g.
amembrane-bound enzyme in cultivated cardiomyocytes {501, and a Ca**-depsendent enzyme
it human brain [51]. Recently, in a human monocytic cell line a high-moiecular weight PLA,
was also found, which is referred to as a cytosolic PLA, and having properties that meet the
characteristics for a regulatory role in the generation of 20:4n-6 derived eicosanoids [52].
Upon activation the cytosolic PLA, may translocate to the membrane. The activity of the
membrane-bound PLA, is regulated by free Ca®* concentration [48), but Ca®*-independent
membrane-bound PLA, forms have been found as well [43].

Poor atiention has been given to the possibility that the modification of the membrane
phospholipid fatty acid composition moduiates the membrane-bound PLA, activity. A study
on the cataiytic activily of pancreatic PLA showed that small changes in the interfacial lipid
architecture, such as unsaturation of fatty acids or lipid composition, modulates the intensity
of the hydrophobic interactions at the active site of the enzyme, and hence regulates the
over-all catalytic potency of the enzyme [54,55]. In n-6 PUFA treated ventricular myocytes
the activity of alkaline PLA, which is mostly on account of PLA, activity, was found to be 34
% higher than the activity in n-3 PUFA treated cells. In these studies it was concluded that
the increase of PLA (the sum of A, and A,) activity of n-6 PUFA treated cells was caused by
alteration of the fatty acid compesition of the membrane phospholipids {42]. That alteration
of the fatty acid incorporation into the membrane phospholipids may influence the PLA-
activity was alsc demonstrated by the observation that PLA (the sum of A, and A,)} activily
was higher in 22:6n-3- than in 20:5n-3-treated cells {34].

PLC-p and PLA, -derived (second) messengers

Upon PLC-B catalysed hydrolysis of Ptdins{4,5)P, two messengers are formed: Ins(1,4,5)P,,
which is generally known to release Ca?* from intraceliular stores [13] and 1,2-DAG which
is known to activate members of the PKC family, some of which are also dependent on Ca®*
[56,57].

In addition to the overall suppression of the rat left atrial Ptdins-cycle activity, caused by
dletary n-3 or n-6 PUFA, Woodcock and colleagues [30] showed qualitative differences in the
production profiles of the inositolphosphate isomers. In the left atria of n-6 compared to n-3
PUFA fed rats, more accumulation of the pulative Ca®* refeasing component Ins(1 4,5)P; was
found {30]. in ancther more recent study of this group it was reported that feeding rats with
n-3 PUFA the rise of the reperfusion induced Ins(1,4,5)P, level in perfused hearls was
inhibited, while under normoxic conditions basal- or norepinephrine stimulated total
accumulation of InsP,, were unaffected [58]. # was hypothesized that Ins(1,4,5)P, Induced
Ca?* release may predispose the heart tissue to increased resting diastolic and/for systolic
Ca?* levels [58], although from other work it appeared that the heart may be relatively
insensitive to Ins(1,4,5)P, In terms of Ca®* release [59].

Biacytglycerol must have the 1,2-sn-configuration to act as activator of PKC and the
various falty acyl moieties are determining the kinetic characteristics (K, and maximal
activation} of the activation of PKC [60]. This implies that the molecular species of 1,2-DAG
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may be of importance for its potency to activate PKC. As in other tissues, in myocardium the
sn-2 position of the Ptdins /s mainly occupied by 20:4n-8, which is thought fo play an
significant role in signal transduction processes [61] as for the laiter can be referred to the
examptes mentioned in this paper: the influence of 20:4n-6 on G-protein function or activation
of PKC-isozymes [44]. I is, however, important to mention that we demonstrated that the
generally assumed 1-stearoyl, 2-arachidonyl-glycerol structure of PtdIns{4,5)P, appears not
to be characteristic for rat and pig myocardium [62]. The agonist induced release of 20:4n-6
from the sn-2 position of phospholipids can proceed via activation of PLA, or via the
activation of PLC-8, PLD and the subsequent action of DAG-lipase. Apart from its origin,
20:4n-6 formation is physiologically relevant, since it the main precursor of the biclogically
aclive eicosanoids [63]. Therefore, influencing all the pathways involving 20:4n-6 metabolites
by changing the membrane phospholipid fatty acid composition must have certain
consequences. For instance, in cultured ventricular myocytes treated with 22:6n-3, a more
persistent activation of membrane-bound PKC was found after a;-adrenergic stimulation [38}.
It was suggested that this persistent activation is the result of longlasting action of 22:6n-3-
containing 1,2-DAG being a relatively poor substrate for DAG-kinase. Therefore molecular
species of 1,2-DAG may be of importance for its metabolic fate, that is either phosphorylation
to phosphatidic acid by DAG-kinase or hydrolysis by DAG-lipase.

In many tissues, but especially in the heart, Ca®* is playing a very important role in
modulation of metabolic routes, muscle mobility and a muitiplicity of membrane-linked
processes [64,65). Activation of the Ptdins-cycle in myocardium is leading to increases of
intracellular Ca?* ([Caz*]i) but on its turn the activity of PLC-# is modulated by [Caz*]i [66].
Therefore the modulation of ECaZ"]i by fatfy acids can be of importance for efficient
feedforward activity of PLC-8. It has been reported that the protection against the harmful
effects of ouabain on neonatal rat cardiac myocytes by 20:5n-3 was associated with the
prevention of increases of [Caz‘”]i to toxic levels {67]. The same group subsequently showed
that in 20:5n-3- or 22:6n-3-treated myacytes the steady state Ca®* influx following exposure
to ouabain was reduced [37]. The authors do not ascribe these effects on ouabain-induced
Ca®" influx to the physiological changes into the cell membrane following the incorporation
of n-3 fatty acids in the phospholipids, but to direct effects of non-esterified n-3 PUFA on Ca®*
channels. Because similar responses were obtained using cells aft2er a 3-5 day fatty acid
incubation or acute addition to the bathing medium of the falty acids, it was concluded, that
this effect could be exerted directly or indirectly via the metabolites of the fatty acids.
Furthermore, the [Caz*]}-increasing effect by the L-type Ca®" channel agonist BAY K 8644
was abolished after simultaneous exposure of cardiomyocytes to 22:6n-3. It was suggested
that the action of 22:6n-3 on the dihydropyridine L-type Ca?* channel was highly specifically
directed at the dihydropyridine binding site of the Ca®* channel, possibly as a consequence
of the intrinsic structural conformation partially determined by the degree of unsaturation of
the fatly acid incorporation in the core-phospholipids [37]. Additionally, the specific protein-
lipid or lipid-lipid alliance between L-type Ca?* channels in cardiac membranes had possibly
heen altered [68]. In contrast to the foregoing, direct effects of long chain fatty acids on
myocardiai [Caz*]i has been found in pathologic reactions evoked by myocardial ischemia
[69]. The disturbance of the membrane function, followed by irreversible cardiac damage is
postulated as a consequence of increase of the tissue levels of non-esterified falty acids dus
to ischemia-induced blockade of g-oxidation, leading to increased Ca*f permeability of the
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sarcolemma [70] and to increased voltage dependent Ca®* currents, lca {69). These effects
could not be ascribed to the activation of PKC because inhibition of this kinase with
staurosporin did not prevent the increase in |, {69]. Direct effects of n-3 PUFAs on ca?
currents were also suggested in normoxic neonatal cardiac myocytes, for f-adrenergic
mediated arrhythmias were prevented by addition of 20:5n-3, but revived when the PUFA was
trapped by fatty acid-free bovine serum aibumin [36]. it is not surprising to see that dietary
n-3 PUFAs can also affect the function of intracellular membranes like the sarcoplasmic
reticulum either due to changes in the phospholipid fatly acyl chains. Feeding rats with n-3
PUFA rich menhaden oil resulted in an increase of the n-3 to n-8 PUFA ratio in the total
phosphoelipid formation of ventricular myocytes. [Caz*j, would be affected as well because a
30 % decrease in oxalate-facilitated ATP dependent Ca®* uptake and a concomitantly
impaired Ca®*-ATPase activity was found [71]. Therefore, changes in fatty acid composition
of the membrane can influence Ca® signalling either by Influencing receptor-mediated
transmembrane signalling processes or by influencing Ca®* pumps and carriers that are
initially involved in the excitation-contraction coupling.

Protein kinase C iscenzymes

Activation of PKC-isoenzymes by non-esterified fatty acids is generally found only fo be
exerted by the cis-unsaturated ones. Saturated and frans-unsaturated falty acids were found
fo be inactive [44]. It is found that depending on the PKC-isoenzyme, the activation by
unsaturated fatty acids is independent of 1,2-DAG and phosphatidylserine (PKC-a, 8, y and
2), or Ca?* (PKC-y and ¢) or the activation was synergistically enhanced by Ca®' (PKC-a and

A). Also, differences in potencies of stimulation of PKC by the various fatty acid types have
been observed. While in the absence of other lipid activators PKC was activated by non-

esterified 18:2n-6 and 20:4n-6, in the presence of phosphatidylserine- and 1,2-DAG PKC
activity was inhibited by these PUFAs [44,72,73]. Moreover, 22:6n-3 did not activate PKC in
the absence of phosphatidylserine and 1,2-DAG but did strongly inhibit the activity in the
presence of these lipid-activators {44]. In myocardium the PKC isoenzymes are expressed
in an age dependent manner [74}. For example, in neonatal ventricular myocytes the PKC
isoforms a, &, € and ¢ are present while only the Ca?* insensitive Isoforms PKC-& and e are
present in isolated adult ventricuilar myocytes. it is hypothesized that the individual isoforms
of PKC bscome active in a distinct manner to fransduce signals from the cell surface fo the
responsive elements of the nuclear DNA [74]. The responses of different iscforms might be
modulated by their distinct affinities for various types of non-esterified faity acids but also for
various melecular species of 1,2-DAG. In many cell types, including neutrophils, hepatocytes
and fibroblasts, the 1,2-DAG response after exposure o a stimulus is frequently biphasic. As
1,2-DAG often primarily originates from PtdIns(4,5)P, hydrolysis catalysed by PLC-8, and
tater by (PKC-mediated) activation of PLD [75], the overall molecular speacies composition of
1,2-DAG, and hence the PKC-substrate, could be crucial for the sequential distinct activation
and action of PKC-iscenzymes. Moreover, it is becoming evident that PLC-# and PLD usually
act in concert on the maintenance of increased 1,2-DAG levels to activate PKC isoenzymes
[75). This pattern of PLC-# and PLD activation has also been found in myccardium by us
[76,77}. Many studies have shown the important role of non-esterified PUFAs, incorporated
PUFAs in 1,2-DAG in activating PKC, although hardly any study was performed on heart.
PKC is an enzyme which is believed to be involved in a variely of cellular responses such as
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hypertrophic and proliferative growth and changes in gene expression [73]. Indirect evidence
for the modulation of PKC-activity by non-esterified PUFAs was found in cardiac myocytes
by studying purinergically induced Ca?* responses. Transient ATP-stimulated elevations in
[Caz"]i was found to be higher after incubation with non-esterified 20:4n-6 and 18:2n-6 as well
as 22:6n-3. The PUFA-mediated increases of ATP-induced [Caz"]i transients were
significantly reduced by the addition of PKC-inhibitors staurosporin or sphingosine [63].
Purinergic receptors are coupled to PLC-8 [78], and therefore it is likely that the PUFA effect
on Ca*' responses is mediated by PUFA-action on 1,2-DAG activated PKC.

CONCLUDING REMARKS

Although from epidemiological observations there is a significant amount of evidence
suggesting that PUFAs, paricular of the n-3 iype, are impeorant in preventing the
development of atherosclerosis, inflammatory, hypertensive, ischemic and thrombolytic
complications, the mechanism underlying these possible beneficial effects at the cellular level
are still poorly understood. A great deal of PUFA effects can be explained by their known
interference with the eicosanoid metabolism. As PUFAs take part in many steps of the
receptor-mediated phospholipid signalling path via PLA; and PLC-g, the latter are another
possible action site for PUFAs to interfere with the afore-mentioned pathological responses.
In trying to elucidate the part played by the phospholipid signalling several studies have been
devoled to the effects of dietary PUFAs on the mechanism of phospholipid signalling of the
cardiomyocyte. Indeed, changes in incorporation of PUFAs in the plasmamembrane
phospholipids of cardiomyocytes have been shown to affect receptor-mediated PLA, and
PLC-B signalling on many steps of the way. By changing the fatty acyl composition of the
phospholipids, the endogenous substrates for the wembrane associated PLC-8 and A, are
changed, and subsequently also their products which results in altered events downstream
of these signalling enzymes: activation of disz\ct PKC isoenzymes, regulation by non-
esterified PUFAs of Ca®* channels, and chanded rate of the formation of distinct eicosanoids.
Additicnally, it has become clear that the’membrane dynamic characteristics in terms of
membrane fluidity and chelesterol concentration can be modified upon altered n-3 and n-6
PUFA incorporation in the phosphol}éids. This could likely have consequences for the
receptor function, G-proteins and thé activity of the signal transducing phospholipases as
well. It should be noficed thal most of these studies have been carried out with
cardiomyocytes isolated from hearts of animals on PUFA diet or incubation of cultured
cardiomyocytes with non-esteri/ed PUFAs in the presence of albumin. In vivo studies need
to performed to prove that the PUFA diet-induced modutation of the phospholipid signalling
reactions do occur and are indeed involved in the beneficial effects of dietary PUFAs on
atherogenesis.
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Eicosapentaenoic acid incorporation in membrane phospholipids

ABSTRACT

The influence of increased incorporation of 18:2n-6 and 20:5n-3 in membrane phospholipids
on receptor-mediated phospholipase C-# activity in cultured rat ventricular myocytes was
investigated. For this purpose cells were grown for 4 days in control, 18:0/18:1n-8, 18:2n-8
and 20:5n-3 enriched media and subsequently assayed for the basal and phenylephrine or
endothelin-1 induced total inosital phosphate formation. The various falty acid freatments
resulted in the expected alferations of falty acid composition of membrane phospholipids. In
18:2n-6 freated celis the incorporation of this 18:2n-6 in the phospholipids increased from
17.1 mole % in control cells to 38.9 mole %. In 20:5n-3 freated cells, incorporation of 20:5n-3
and 22:5n-3 in the phospholipids increased from 0.5 and 2.7 mole % inn control cells to 23.2
and 9.7 mole %, respectively. When 20:5n-3 treated cells were stimulated with phenylephrine
or endothelin-1, the inositolphosphate production decreased by 33.2 % and Increased by 43.4
%, respectively, as compared to cells grown in control medium, No effects were seen in
18:2n-6 treated cells. When 18:0/18:1n-9 treated cells were stimulated with endothelin-1,
inositoiphosphate formation increased by 264 %, whereas phenylephrine stimulated
inositolphosphate formation was not affected. In saponin-permeabilized cells, that were
pretreated with 20:5n-3, the formation of total inositolphosphates after stimulation with
GTPyS, in the presence of Ca’*, was inhibited 19.3 %. This is suggesting that the 20:5n-3
effect on intact cardiomyocyles could be exerted either on the level of agonist-receptor,
receptor-GTP-binding-protein coupling or GTP-binding-protein-PLC-g interaction. Investigation
of the time-course of saponin-induced permeabilization of the cardiomyocytes, measured by
the release of lactate dehydrogenase, unmasked a slight decrease in the rate of
parmeabilization by 20:5n-3 prelreatment indicating a protective effect. This led us to
measure the cholesterol/phospholipid molar ratio, the double bond index of membrane
phospholipids, and the membrane fluidity, the latter by using a diphenylhexatriene probe. In
20:5n-3 pretreated cells we observed a strong increase in the cholesterol/phospholipid molar
rafio {from 0.23 to 0.39), a marked increase in the double bond index {from 1.76 to 2.33}), and
a slight decrease in fluidity (rotational mobility r., of the diphenythexatriene probe increased
from 0.196 to 0.217). Thus, trealment of cardiomyocytes for 4 days with 20:5n-3, but nof with
18:2n-6, causes alterations of receptor-mediated phospholipase C-g activily. A causal
relationship may exist between the 20:5n-3 induced alterations of the physicochemical
properties in the bilayer and of the agonist-stimulated phosphatidylinositol-cycle activity.

INTRODUCTION

Polyunsaturated falty acids (PUFAs) have structural roles in phospholipids of all cell
membranes in the body, influencing membrane viscosity and permeability and, associated
herewith, the function of membrane proteins. Moreover, different types of eicosanoids are
formed from the fatty acids arachidonic acid (20:4n-8) and eicosapentaenoic acid (20:5n-3).
In general, eicosanoids derived from 20:5n-3 are weak agonists compared io the
corresponding compounds derived from arachidonic acid (20:4n-6) (Sassen ef al., 1994, Leaf,
1994; Harris, 1989). PUFAs also have important functions in modulating triglyceride and
cholestercl metabolism. Epidemiclogical studies have reported favourable effects in

108



Chapler 7

prevention of cardiovascular disease by the regular ingestion of fish, containing n-3 PUFAs,
although the responsible mechanism remains obscure (Bang, ef al., 1976, Kagawa et al.,
1982; Kromhout et al, 1985, Lamers ef al, 1987, Leaf, 1994). Nevertheless, many
experimental studies have provided evidence that n-3 PUFAs have diverse and often potent
actions on e.qg. platelet-, endothelial cell- and vascular smooth muscle function, which may
explain many of their salutary effects on cardiovascular diseases (Goodnight, 1991),

The phosphatidylinositoi- (PtdIns-) cycle is a signalling pathway involved in receptor-
mediated biological responses such as platelet aggregation, smooth muscle contraction, and
formation of relaxing and contracting factors by endothelial cells. A common mechanism of
n-3 and n-6 PUFAs in these biological responses may be by interference with the functioning
of the Ptdins cycle. Previously, we reported that cultured cardiomyocytes, which were
pretreated with 18:2n-6 or 20:5n-3 showed less phospholipase C-# activity in response to a,-
adrenoceptor stimulation (Lamers ef al., 1992). Recently, this was confirmed by Woodcock
ef al, (19958}, who showed that feeding rats with n-3- and n-6 PUFAs caused a depression
of total release of inositol phosphates (InsP,} in left atrial tissue in the presence or absence
of norepinephrina. In accordance, Reibel et al. (1988) demonstrated that n-6 and n-3 PUFAs
attenuated the a;-adrenergic-mediated positive inofropy in perfused rat hearts. Furthermore,
it was shown by Kang and Leaf (1995) that dietary n-6 or n-3 PUFAs could prevent and
terminate isoproterenol-induced arrhythmias.

Modification of the fatty acyt composition of the membrane phospholipids can influence
many steps of the Ptdins signalling cascade. It has been shown, for example, that
incorporation of n-3 and n-8 PUFAs in the membrane phospholipids was associated with a
decreased affinity of the a,-adrenoceptors for their antagonist ligand [PH)prazosin in heart
muscle (Skuladétie ef al, 1993). In isolated atrial cells, G -protein-kinetics involved in the
stimulation of Inwardly rectifying K™ current by muscarinic receptor agonist were demonstrated
to be modulated by 20:4n-6-derived metabolites (Scherer and Breitwieser, 1990).
Furthermore, the function of protein kinase C (PKC)-isozymes may be affected by either free
PUFAs or by alteration of the molecular species of 1,2-diacylgiycerol ({1,2)DAG) due fo
changed fatly acid composition of the phospholipid source (Graber ef af., 1994; Bordoni et
al., 1992).

Obviously, we need to learn more about the effects of incorporation of n-3 and n-6 PUFA
in membrane phospholipids on siructure and function of the sarcolemma, in terms of the
various steps of the transmembrane signalling by the PtdIns cycle, and the physicochemical
propefties such as fluidity of the bilayer, cholesterol content and resistance to permeabilizing
agents. In the present study we used primary cultures of spontaneously beating, neonatal raf
ventricular myocytes to investigate the influence of addition of n-6 and n-3 PUFAs to the
culture medium on their spontaneous contractile activily and on the receptor-mediated
activation of PLC-g. After permeabilization of the cells with saponin, we examined the effect
of n-3 and n-6 PUFAs at PLC-8 on the level of its GTP-binding-protein (G-protein) and Ca**
activation. As 20:5n-3 pretreatment of the cardiomyocytes appeared to decrease the rate of
cell permeabilization by saponin, we decided to measure also the membrane cholesterol
contents and membrane fluidity.
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MATERIALS AND METHODS

Materials

Phenylephrine (PHE) was obtained from Sigma (St. Louis, MO, USA) and endothelin-1 (ET-1)
was from Peninsula Laboratories (Belmont, CA, USA). The 4-well Multidish as well as single
culture dishes (& 35 mm) were from Nunc (Roskilde, DK), the culture medium Ham F10 was
from Gibco (Paisley, UK). Fetai calf serum, horse serum and penicillin/streptomycin were
obtained from Boehringer (Mannheim, Germany). Trypsin {ype [il} was from Sigma. Myo-[2-
*Hlins (17-19 Cifmmol) was obtained from Amersham International (Amersham, UK). TMA-
DPH (1-(4-trimethylammonium-phenyl)-6-phenyl-1.3,5-hexatriene, p-toluenesulfonate) was
obtained from Molecular Probes (Eugene, OR, USA). A,C (2-(2-methoxyethoxy)ethyl 8-(cis-2-
n-octyleyclopropyl)-octancate) as well as the free falty acids oleic acid (cis-8-octadecenoic
acid, 18:1n-9), stearic acid {octadecanoic acid, 18:0), linoleic acid (cis-9,12-octadecadienoic
acid, 18:2n-6) and cis-5,8,11,14,17 -eicosapentaencic (20:5n-3) acid were from Sigma. Dowex
AG 1-X8 (100-200 mesh formate form) was from BioRac Laboratories {Richmond, CA, USA}.
Free cholesterol was determined using a kit (Boehringer-Mannheimy). All other chemicals were
of analytical grade.

Cell culture
Primary cultures of neonatalventricuiar myocytes were prepared from two-day-old Wistar rats
as described before (Van Heugten ef al.,1994). For measurement of confraction frequency,
cardiomyocytes were seeded on circular glass cover slips (@ 25 mm) at 150 to 175x10°
cellsfem?. For measurements of phospholipase C activity or lactate dehydrogenase (LDH)
release myocytes were seeded in wells with 1.8 cm? surface at 150 to 175x10° cells/om?. For
the determination of cholesterol content and total phospholipids the cardiomyocytes were
seeded (150 to 1756x10° cellsfcm?) in tissue culture dishes with 8 cm? surface, and for
measurement of membrane fluidity on rectangular glass coverslips in similar tissue culture
dishes (& 35 mm, 8 cm?) at a density of 4x10* cells/cm?. Cell cultures were grown at 37°C
and 95% air and 5% CO,, in complete growth medium consisting of Ham F10 supplemented
with 10% (v/v} fetal calf serum, 10% {(viv) horse serum, 100 U penicillin/mi and 100 ug
streptomycin/mt.

The cultures were exposed to the following conditioned growth media 24 h after seeding:
a) growth medium supplemented with the vehicle (0.3 % (v/v) pure ethanol); b) growth
medium supplemented with 18:0 and 18:1n-9 {107 uM each); ¢} growth medium
supplemented with 18:2n-6 (214 pM); and d) growth medium supplemented with 20:5n-3 (214
pM), as we described before (Lamers ef al.,, 1992). After two days the cullures were renewed
with their concurring enriched medium. Treatment with fatly acids did not result in cell
density- or hypertrophic- changes as was tested by assessment of the protein content and
protein over DNA ratio, respectively. For instance, protein contents (mg) per mg DNA in the
treated cells were 43,1 + 1.7 (Control), 45.5 & 0.7 (18:0/18:1n-9), 42.6 £ 2.6 (18:2n-6) and
43.8 + 1.4 (20:5n-3), All experiments were performed 4 o 5 days after plating the cells.

Separation of the phospholipids and quantification of the fatfy acid methyl esters

To examine the incorporation of supplemented fatty acids in the phospholipid fraction afier
4 to 5 days, the cardiomyocyltes were rinsed with cold buffer, scraped and extracted with
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organic solvents as described previously (Lamers ef al, 1992). Briefly, the phospholipid
fractions were separated from the triglyceride, diacylglycerol, cholesterol and unesterified fatty
acid fractions by thin layer chromatography. To separate the fatty acid methyl esters, a
CP9000 capillary column chromatograph (Chrompack, Middelburg, The Netherlands),
equipped with a CP-Sil 88 coated fused silica capillary column, was used (Lamers ef al,
1992).

Sponfaneous contractions

After 4 days the culture grown on a circular glass coverslip was rinsed once with incubatfon
buffer {, containing 125 mM NaCl, 5.0 mM KCI, 2.5 mM CacCi,, 1 mM MgSQ,, 1 mM KH,PO,,
10mM NaHCO,, 10 mM N-2-hydroxyethylpiperazine-N-2-ethanesulphonic acid (HEPES), and
5 mM glucose (pH 7.4, 37°C}, and subsequently mounted on a teflon culture dish (Iince ef
al., 1985). The dish was placed in a temperature controlted micro-incubator (Ince ef al., 1983)
and the contractions of the cardiomyocytes were visualized as described earlier (Le ef al.,
1993). The contracting cells were made visible on a videomonitor, which was equipped with
an interactive system to conver the lime-dependent grey levels in a particular cursor-defined
area on the screen into a time-dependent voltage. This so-called contraction amplitude signal
was counted in a heart rate counter to obtain the contraction frequency signal expressed as
beats per min. The irregutarity of beating eqttalled the variation coefficient of the contraction
frequency.

Inositolphosphate production in infact and saponin-permeabilized cardiomyocytes
Cardiomyocytes were labelled with 2 gCi myo-[2->H]Ins/ml for 48 h in conditioned growth
medium. After washing and preincubation (15 min, 37°C} in incubation buffer i, containing
130 mM NacCl, 4.7 mM KCI, 1.3 mM CaCl,, 0.44 mM NaH,PO,, 1.1 mM MgS0O,, 20 mM
NaHCO,, 11.1 mM glucese, and 10 mM HEPES (pH 7.4, 37°C} the cells were stimulated with
5 uM PHE or 5 nM ET-1 in the presence of 10 mM LiCl. The incubations were stopped by
rapidly washing the celis with ice-cold buffer. Water-solubte [*Hilns products were extracted
by two subsequent extractions with 660 mM HCIO,. The pooled HCIO, fractions were
neutralized with 2 M KOH and 1 M K,CO,. The remainder, i.e. water-insoluble products, was
subsequently extracted with ice-cold CH,OH:HC1 (100:1 viv} for 5 min at 4°C. The {*Hlinositol
phosphates ({SH]InsPn) were separated from {3H]Ins and [3H}glycerophosphoinositol by
chromatography on Dowex AG 1-X8 as described previously (Van Heugten ef af,, 1994).
The myo-[2-"H]Ins prefabelled cells were rinsed with phosphate-buffered saline, at 37°C, and
subsequently treated with 190 pg saponin/ml in intracellular buffer (10 mM NaCl; 110 mM
KCl; 1 mM KH,PO, 4 mM MgCl,; ethylene glycol-O,0"-bis(2-aminoethyl)-N,N,N',N’-
tertraacetic acid (EGTA}, 3 mM ATP; 8 mM creatine phosphate; 6 U/mil creatine kinase; 20
mM HEPES; pH 7.0) for 5 min, at 37°C. Thereafter, the myocytes were rinsed three times
with intracellular buffer followed by incubation for 15 min at 37°C in intracellular buffer
containing 10 mM LICl, and about 96 nM free Ca®’ ions (estimated according to SPECS, a
software program based on the formulas described by Fabiato, 1988) with or without 30 g
GTPyS. After incubation, the collected buffer and the cells were extracted for measurement
of [3H;InsPn formation as previously described (Van Heugten et al., 1994).
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Rate of permeabilization induced by saponin

The cardiomyocytes cultured with fatty acid enriched medium in 1.8 cm? wells, were washed
to remove the small amounts of LDH released upon exchanging the growth medium for
incubation buffer, and preincubated with intracellular buffer. After a 5 min preincubation
period a sample was taken to measure the LDH release in the absence of saponin. Then the
buffer was removed and replaced by intraceliular buffer containing 100 pg/ml saponin.
Samples of the incubation buffer were taken after 1, 2, 5, and 10 min, and stored on ice for
determination of LDH release. Thereafter, the remainder of the buffer was immediately
removed and a solution of 1 % Triton in intracellular buffer was added to release the rest of
celiular LDH to determine the total LDH content of the cells. The LDH activity was assayed
spectrophotometrically in potassium phosphate buffer (95 mM, pH 7.0}, containing 7.6 mi
sodium pyruvate and 0.2 mM NADH, and was expressed as % of total cellular LDH.

Membrane fluidity

Membrane fluldity was assessed by measuring the fluorescence steady-state anisotropy (r,,)
of the plasma membrane specific fluorophore 1-{4-trimethylammonium-phenyl)-6-phenyl-
1,3,5-hexatriene p-toluenesuiphonate (TMA-DPH) according to Sumbilla and Lakowicz (1983)
and modified by Bastiaanse ef al,, (1994). The cardiomyocytes grown on glass coverslips
were washed twice and preincubated with incubation buffer | for 30 min at 37°C. Thereafter
the cells were loaded with 10 uM TMA-DPH for 30 min at 37°C. Then the glass coverslips
were placed in a cuvelle containing 2.5 ml buffer |, and after a period of 10 min the
fluorescence steady-state anisotropy {r,,) was measured according to the following formula:
T~ (I "G, +21,,"G) where |, and {4, represent the fiuorescence intensilies parallel and
perpendicular to the excitation plane (when set vertically), respectively. G is the correction
factor for the difference in the monochromator's transmission efficiency for vertically and
horizontally pelarized fight, and equals I, /l,,. The measurements were performed on a
spectrofluoromster (Perkin-Elmer LS-3}, provided with a polarization accessory (Perkin-Elmer
5212-3269), at 37°C.

To validate the procedure, separate series of experiments were conducted before and
after the membrane fluldity had been changed by addition of the "fluidizer" 2-(2-
methoxyethoxy)ethyl 8-(cis-2-n-oclylcyclopropyl)-octanoate (A,C, 20 uM). After measuring 1,
in the absence of A,C the glass coverslips were replaced to thelr original preincubation
loading dish fo which 20 uM A,C was added and subsequently incubated for 30 min at 37°C.
Immediately thereafter, the r,, was measured again. To ensure a maximal fluorescent signal
the fluidity measurements were always carried out in cells seeded at an optimal density
(4x10* celis/cm?) which was not influenced by any fatty acid treatment.

Free cholesterol and fotal phospholipids

The myocytes cultured in fatty acid enriched medium grown in 8 cm? dishes ware rinsed
twice with a physiological salt solution. Then the cells were scraped in 2 ml methanol and
transferred io a glass tube (fat free) containing 0.75 ml physiological salt solution. After
addition of 1 ml CHCI,, the mixture was vigorously stirred, whereafter the supernatant was
separated from the pellet by centrifugation (5 min, 3000 rpm). The supernatant was stored
on ice, and the pellet was washed with 1.9 ml CHCly:methanol:H,O (5:10:4 viv/v). Again the
supernatant was separated from the pellet by centrifugation and added to the supernatant
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of the prior step. The pellet was discarded. Subsequently 1.5 ml CHCI, and 1.5 mi H,0 were
added to the supernatant fraction, and after vigorously mixing and centrifugation, the upper
phase was removed from the lower phase. The latter was dried with a litfle scoop of Na,SQ,,
and was stored at -20 °C for 12 h. Then the solution was transferred to a new glass tube,
and the Na,S0, peliet was washed with 1 mi CHCI,. The wash fluid was combined with the
solution. Subsequently the organic phase was evaporated and the residue dissolved in 200

pl peroxide-free 2-propanol. Cholesterol was determined enzymatically using a the kit
(Boehringer, Mannheim, Germanyy). In order to determine the total phospholipid concentration,

a sample of cell extract was destructed with H,80,:HCIO, (1:1 v/v) at 210°C for 5 h, until a
clear solution was obfained. In this solution, the phosphate concentration was quantified
according to Bartlett (1958), using a 1 % instead of a 0.22% ammoniumheptamolybdaat
solution.

Statistics
Data are presented as mean values & S.E.M. unless stated otherwise. Student's {-{est was

used for statistical comparison with corresponding control values and analysis of variance
was performed followed by the Student Newman Keul's test when appropriate. A p-value less
than 0.05 was considered to indicate statistical significance.

RESULTS

Irregularity in frequency of spontaneous contractions

A previous study (Hallaq ef al., 1992) using the same model of culiured ventricular myocytes
has shown that incubalion of the cells for 3-5 days with 5 gM 20:5n-3 prevented the
arrhythmogenic effect of 0.1 mM ouabain. No effect was seen when the cells were pretreated
with 5 uM 20:4n-6. In our hands, however, confiuent monolayers of control cells in confluency
always exhibit spontaneously irregular contractions. Fig. 1A shows typical recordings from
the control ventricutar myocytes and those treated for 3 days with 18:0/18:1n-9, 18:2n-6 and
20:5n-3 rich medium. Prefreatment of cells with 18:2n-6 as well as with 20:5n-3 improved the
regularity of the spontaneous contractions significantly in comparison to control pretreatment
(Fig. 1B). This effect, howaver, was not significant compared to 18:0/18:1n-9. So it appears
that the fatty acid pretreatment, independently of the degree of polyunsaturation, induces a
regular pattern of spontaneous contractions. Because in the model used the cardiomyocytes
are grown in a confluent monolayer, resulting in the spontaneous contractions, the particular
area of monitoring by video could hardly be placed on a single cell, which would be
necessary to assess shortening in velocity. Therefore, no exact measurements of the
shortening velocity were performed.

Phospholipid fatty acid composition

Incubation of myocytes with media enriched with 18:0/18:1n-9, 18:2n-6 and 20:5n-3 changed
the falty acid composition of the phospholipids (Table 1). incubation with an 18:0/18:1n-9
supplemented medium caused a markedly increased incorporation of 18:0 and 18:1n-9 fatly
acids and a reduction in 16:0, 18:1n-7, 18:2n-6 and 20:4n-6 contents, As expected, the sum
of PUFAs decreased from 47.0 to 38.5 mole %. Treatment with 18:2n-6
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Figure 1 Frequency of spontaneous bealing and regularity of beafing frequency of ventricular myocytes
grown in control medium {C) or in 18:0/18:1- {SO), 18:2n-8- {L) and 20:5n-3- (E) enriched medium.
Cellular contractions were recorded using a video {echnique, and were counted to obtain contraction
frequency and irregularity of frequency. The upper panel A shows a representative experiment
illustrating the frequency versus time for cardiemyocytes subjected to the various fatly acid treatments.
The lower panel B shows the mean frequency and irregularity of frequency, measured over a period
of & min (% VC: variation coefficient) representing the mean data of 4 different cell batches. Bars
represent mean values + S.E.M. *: p<0.05 versus control cells.

caused a dramatic increase of 18:2n-6 from 17.1 fo 38.9 mole %, associated with a decrease
of 18:1n-9 and 20:4n-6. Furthermore, as we expected, the sum of PUFAs increased from
47.0 to 56,5 mole %. Treatment with 20:5n-3 led to the increased incorporation of this fatty
acid {from 0.5 to 23.2 mole %) and its elongation product 22:5n-3 (from 2.7 to 9.7 mole %),
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hut a decreased incorporation of 22:6n-3. The increased incorporation of n-3 PUFAs occurred
mainly at the expense of n-6 fatty actds as the sum of PUFAs remained almost constant. The
double bond index, DBI {(mean number of double bonds per mole fatly acid} is a parameter
that is Indicative for possible changes in the fluidity of the membrane bilayer. As can be seen
from Table 1, particularly the treatment with 20:5n-3 caused a considerable increase of DBi
from 1.76 (control cells) to 2,33, Compared to treatment with 18:0/18:1n-8 and 18:2n-6, the
20:5n-3 treated cells had much higher DBI. Moreover, in 18:2n-6 treated cells, a slight
decrease from 1.76 fo 1.60 was observed.
Table 1, Faity acid composition {mole %) of the total phospholipid fraction of ventricular

myocyles grown in contro! medium or in 18:0/18:1n-9- (SO), 18:2n-6- (L} or 20:5n-3- (E)
enriched medium. Values represent mean values + S.E.M.

Falty acids Control 50 L E
(n=3} (n=3) {(n=3) (n=4)

16:0 13.83 £ 1.27 7.51 & 0.25 12,85 + 1.1 14.80 + 0.84
18:0 23.31 £ 0.56 28.24 £ 0.51 21.08 + 0.94° 23.03 + 1.12°
18:1n-7 3.09 1 0.06 1.68 + 0.10 2.04 1 0.07 2.69 + 0.05
18:1n-9 9.61 + 0.45 2232 1 0.52 525 + 0.04 7.00 + 0.22
18:2n-6 1710 + 1.43 14.43 4 0,93 38.87 : 0.88 6.08 1 0.48
20:4n-6 18.21 « 1.16 15.30 1 0.65° 11.48 + 1.11 7.63 + 0.58
20:5n-3 0.48 1 0.07 1.12 £ 0.559 0.20 + 0.05 2322 & 1.31
22:5n-3 260 £ 0.27 2,33 + 0.68° 1.53 £ 0.18 9.72 + 0.44
22:6n-3 3.71 + 0.34 2.38 1 0.26 1.67 £ 0.14 1.33 + 0.07
others? 7.97 1+ 0.08 4.59 + 0.83 5.36 + 0.22 460 £ 0.14
DBI° 1.76 1 0.08 1.86 + 0.07 1.60 % 0.04 2.33 ¢ 0.05°
IPUFA® 47.05 £ 2.03 38.48 £ 0.80 66.60 + 0.53 50.01 + 0.64

2 Only the major fatty acids and the sum of minor faity acids, termed "others" (mainly
16:0dma, 18:0dma, 18:3n-3, 20:3n-6, 22:0, 24.0 and 22:4n-6} are listed. Dma stands for

dimethytacetal.

Y DB stands for double bond index (mean number of double bonds per mole fatty acid)
®  ZPUFA is the sum of all PUFA.
9 Values, not differing significantly from confrol values, All other values were significantly

different from control.
€ p <0.05 in comparison to C, SO, and L-treatments

Agonist-induced [aH]!nsPn response in infact cardiomyocytes

Earlier we have shown that stimulation of myo[2-3H]Ins tabelled neonatal rat ventricutar
myocytes with either PHE or ET-1 results in activation of PLC-# in a dose-dependent manner,
both agonists reaching about the same maximal effect on the formation of {otal {3H31nsPn
{Van Heugten ef al,, 1993). To Investigaie the influence of an altered fatty acid composition
of the plasma membrane phospholipids on the agonist-induced PLC activation, the
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cardiomyocytes grown in the control medium and media enriched with 18:0/18:1n-9, 18:2n-6
and 20:5n-3, were stimulated for 15 min with submaximat concentrations of PHE (5 y) or
ET-1 {56 nM). The formation of [:’H]InsPn upon PHE and ET-1 stimulation, in cardiomyocytes
that were cultured in control medium, amounted 11 % and 9.5 %, respectively, of total
incorporated [3H][ns, which was a 2.9 and 2.5 fold increase, respectlively, compared to the
basal [3E-i]!nsPn production (3.8 %} (Fig. 2). Pretreatment of cardiomyocytes with 18:0/18:1n-9
or 18:2n-8 enriched medium had no influence on the PHE stimulated [:*I-t]lnsPn formation. To
our surprise, however, basal [3H]InsPn formation in the 18:0/18:1n-9 treated cells increased
to 8.1 % and the ET-1 stimulated [3H]InsF’n formation to 11.6 %. PHE stimufation of
cardiomyocytes presxposed to 20:5n-3-rich medium resulted in a significantly less [”H]InsPn
formation of 7.3 % of total incorporated [3H]Ins compared to control cardiomyocytes, whereas
stimulation with ET-1 of 20:5n-3 treated cardiomyocytes caused a significantly higher
[3H]lnsPn formation (13.5 % of total incorporated [*H]ins).
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= [:]controt
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: n
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Figure 2 Agonist stimulated ["H]InsF’n production in intact ventricular myocytes grown in control
medium (C) or 18:0/18:1- (SO), 18:2n-6- (L} and 20:5n-3- (E) enriched medium. Cardiomyocytes
preincubated with myo-[2-*H]ins were stimutated with either phenylephrine (PHE; 5 yM) or endothelin-1
(ET-1; 5 nM) for 15 min at 37 °C. The cells were extracted and the [3H]lnsPn formed was separated
from the other [*H]ins-labelled metabolites as described in Methods. Values are expressed as % of
total incorporated [*H]Ins and represent the mean values + S.E.M. of 5 and 4 experiments, with PHE
and ET-1, respectively. * p<0.05, when comparing agonist mediated ['“’H]lnsPn responses in cells
cultured in fatly acid enriched medium to the corresponding [3H]1nsPI1 responses in cells pretreated with
controf medium.
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Table 2. GTPyS stimulated total [*Hlinositol phosphate ((*HlInsP,) production in the
presence of Ca®* in saponin permeabilized ventricular myocytes grown I control medium
(C)orin 18:0/18:1n-9- (80Q), 18:2n-6- (L), and 20:5n-3- (E} enriched medium.

[PHIInsP, production (% of total cellular FHjins)

C 80 L E

Incubation buffer only
- GTPyS 113+ 008 087 +007 086+007 1014+ 008

+ GTPyS 310+ 017 296+ 023 246+ 040 252 + 020

Buffer plus cell extract
- GTPyS 223+ 010 181 :018 2.19 £ 0.32 211 £ 0.16

+GTPyS . 519+ 031 4.78 + 0.36 453 + 0.24 419 + 0.29°

Values are expressed as % of total incorporated [*H]ins and represent the mean value +
8.E.M. of 8 measurements. *; p< 0.05 versus control

Ca** and GTPyS-induced [“’HJT.!nsPn response in saponin-permeabilized cardiomyocytes
The finding that the agonist-induced {:’H]fnsPn formation depends upon the fatty acid
composition of membrane phospholipids may be explained by changes af the level of agonist-
receptor binding, receptor-G-protein coupling and/or G-protein-PLC-# interaction. To study
whether the G-protein-PLC-8 interaction is affected by changes in the fatly acid composition
of membrane phospholipids, the myo[Z-aH]inositol labelled cardiomyocytes (after exposure
to the different fatly acids) were permeabilized by saponin and then stimulated for 15 min
with non-hydrolysable GTPyS in the presence of Ca®* or not slimulated. After permeabil-
ization about half of the [SH]InsPn formed was released in the incubation buffer. The basal
[3H]!nsl5‘n production {in buffer plus cell extract) of the permeabilized cardiomyocytes was not
affected by any of the fatly acid treatments (Table 2). GTPyS stimulation, in the presence of
Ca?*, of the permeabilized cardiomyocytes preexposed to 20:5n-3 media resulted in
significantly less (4.2 %} {ai-I]InsPn formation compared to confrol cells (5.2 %),

Resistance fo saponin-induced permeabilization

As can be seen in Table 2 the fatty acid treatment dependent changes in [*HjinsP,, formation
released in the buffer do not completely reflect the fatly acid dependent changes in [3H1InsP,,
in the buffer plus cell extract, suggesting possible fatty acid treatment dependent differences
in the permeabilization. The data lllustrated in Figure 3 show that there was a lagphase of
LDH refease up to 1 min of exposure to saponin unaffected by either fatty acid treatment. We
observed at 2 min a significant decrease only by 20:5n-3 treatment and at 5 min a small but
not significant decrease only by 20:5n-3 freatment. Figure 3, however, demonstrates that 5-
10 min of treatment with saponin resulted in almost complete (70-80 % of total LDH released)
depletion of LDH which was independent of the fatly acid supplementation. Therefore, at a
time (2 min) of partial permeabilization, the cardiomyocytes grown in 20:5n-3 rich medium,
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Figure 3 The rate of permeabilization by saponin (100 pg/ml) as assessed by release of laclate
dehydrogenase (LDH) from ventricular myocytes grown in control medium (C) or in 18:0/18:1- (SO},
18:2n-6- (L) and 20:5n-3- (E) enriched medium. LDH activity was assayed spectrophotometrically.
Values are expressed as % of total cellular LDH, and represent mean values + S.E.M., in triplicate,
of 3 different cell batches. *: p<0.05 versus control.

revealed significantly less LDH release, that is 26% as compared to 36% in cells grown in control
medium. A similar tendency of a delayed LDH release was observed in the 18:2n-6 treated cells.

Cholesterol content and membrane Huidity

Saponin is believed to act mainly upon the choelesterol component of the sarcolemma (Glauert
et al., 1962; Dourmashkin ef al., 1962). Given the results of 20:5n-3 induced changes in
cellular resistance to saponin-permeabilization, we determined the cholesterol content of
whole cell extracts. Chelesterol is expressed either as nmol/mg protein or as nmolfnmol
phospholipid (Fig.4). Exposure of cardiomyocytes to 18:0/18:1n-9 and 18:2n-6 resulted in a
slight increase in cellular cholesterol content of 35 and 40 nmol/mg protein respectively as
compared to 28 nmol/mg protein in control celis (Fig. 4). This cholesterol content was in the
range as was found for controi cells in another report on the same model (Bastiaanse et al.,
1994 and 1995). Cholesterol expressed per nmol phospholipid, however, did not change by
these fatly acid treatments (Fig. 4). This is due fo the fact that phospholipid content (in
nmol/img protein) also increased independently of the type of fatty acid treatment (see
legends to Fig. 4). It was most remarkable to observe that 20:5n-3 pretreatment produced
a 3-fold increase in cellular cholesterol content expressed per mg protein and a 1.7 foid
increase in cholesterol expressed per nmol phospholipid. The increase in cholesterol content
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- nmol chelesterclf mg protein

I;;/;/// - % 1 0.20 %
LB 0.00

Figure 4 Cholesterol content of ventricular myoccytes grown in control medium (C) or in 18:0/18:1-
{80, 18:2n-6- (L} and 20:5n-3- (E} enriched medium. Cholesterol was determined enzymatically in
cellular exiracts, and the total phospholipids in the exiracts were determined by assessment of the
pheosphate concentration as described in Methods. Choleslerol is expressed either as nmolfmg protein
or as nmolinmol phospholipid. Phospholipid content (nmol/fmg protein) did also change however
independentiy of the fatty acid ireatment: C, 134 + 13, SO, 176 + 15, L, 192 + 18 and E, 217 + 27
{p=<0.05, falty acid treatment versus control). Values represent mean values + S.EM. of 7-8
determinations. *: p<0.02 versus control; **: p<0.001 versus C, SO, and L; #: p<0.005 versus C, SO
and L.

per mg protein was much more dramatic comparing those seen with 18:0/18:1n-9 (1.2 fold)
and 18:2n-6 (1.4 foid) treatment.

Because of the large changes observed in membrane-cholesterol and DBI due to 20:5n-3
treatment of the cardiomyocytes, the membrane fluidity was assessed by measuring the
fluorescence steady state anisotropy (1.} of TMA-DPH. Indeed, only the r ; of cardiomyocytes
grown in 20:5n-3 was significantly {p<0.02} affected, that is increased by 8% as compared
to control cultures (Fig. 5A). Apparently, the bilayer "stiffening" effect of an adaptively
increased cholesterol content overcompensates the fluidizing effect of increased degree of
polyunsaturation of fatty acids in the phospholipids. To validate the method of fluidity
measurement we tested in a separate series of experiments whether the r,, value was
influenced by the membrane mobility agent A,C (Fig. 5B}. Before and after exposure to 20
HM A,C for 30 min, the r,  of control cardiomyocytes was measured to reveal an increase of
fluidity, i.e. a significant (p< 0.05) decrease of r_, by 15.4%.
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Figure 5 Membrane fluidity of ventricular myocytes grown in control medium or in 18:0/18:1- (SO),
18:2n-6- (L) and 20:5n-3- (E) enriched medium. Panel A: Ventricular myocytes grown in control
medium (C} or in 18:0/18:1- (SO}, 18:2n-6- {L} and 20:5n-3- (E) enriched medium were loaded with
the flucrophore diphenylhexatriene, TMA-DPH for 30 min, at 37 °C, whereafter the fluorescence
steady-state anisotropy r., of the fluorophore TMA-DPH was assessed as described in detail in
Methods. Panel B: To validate the experimental method we measured r,, before and after addition of
the membrane mobility agent A,C to TMA-DPH-loaded ventricular myocytes. Values are expressed
as mean values + S.E.M. of 3 experiments. *: p<0.05 versus control.

DISCUSSION

The aim of this study was to investigate the influence of increased n-6 and n-3 PUFA
incorporation in the phospholipids of the cardiomyocyte membrane on the PHE and ET-1
stimulated Ptdins cycle, as compared to cells grown in unsupplemented growth medium.
Moreover, in comparison, similar experiments were performed with saturated/imonosaturated
fatty acid pretreated cells. The mixture of the supplemented free PUFAs with the
concentrated horse and calf sera, the latter which contain an excess of faity acid-poor
albumin molecules, ensured that the toxicity of a high concentration of non-eslerified fatty
acids was prevented. This was also based upon our earlier studies in which we showed in
in vitro experiments that cardiac sarcolemmal membrane kept its integrity if the non-esterified
fatly acid to albumin molar ralio did not exceed 5 {Lamers et al, 1984). Moreover, in the
present study, the contral cells usually exhibited irregularities in their contraction frequency,
whereas treatment with n-8 and n-3 PUFAs improved significantly the regularity of
spontaneous confractions. A tendency to such improvement was also seen after treatment

with 18:0/18:1n-9.
Although the free fatty acid enriched incubation medium was always carefully washed
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away, followed by a period of stabilization before agonist stimulation of the cardiomyocytes,
we can not exclude the additional influence of an allered composition of the non-esterified
fatty acid pool which is performed by the normal turnover of cellular phospholipids. in
neonatal cardiomyocytes, exogenous free n-3 PUFAs were found to exert their effect directly
on Ca?*-channels, as was assessed by measurements of the steady-state CaZ* influx (Hallag
ol al.,1992) and of the cell contractions mediated by g-adrenergic stimulation of the cells
(Kang and Leaf, 1995). The g-adrenergic agonist induced arrhythmias could be prevented
by exogenous non-esterified 20:5n-3, but revived when the fatly acid was washed away with
fatty acid-free albumin {Kang and Leaf, 1995).

The various faity acid freatments of the cardiomyocytes resulted in the expected alteration
of fatly acid composition of the membrane phospholipids. In 18:2n-6 treated cells,
incorporation of 18:2n-8 increased from 17.1 {control cells) to 38.9 mole %, while in the
20:5n-3 treated cells, incorporation of 20:5n-3- and its elongation product 22:5n-3 increased
from 0.5 and 2.7 mole % (controf cells}, respectively, to 23.2 and 9.7 mole %, respectively.
However, only in the 20:5n-3 treated cslls a marked increase in double bond index to 2.33
was observed, in comparison to values of 1.76 in control-, 1.60 in 18:2n-6- and 1.56 in
18:0/18:1n-9- treated cells. As far as the Ptdins cycle is concerned, most remarkable effects
were observed in the 20:5n-3 treated ventricular myocytes. in those myocytes, the PHE and
ET-1 stimulated PLC-# response measured in intact cells was decreased (7.3 % of fotal
incorporated {°HJins) and increased (13.5 % of total incorporated [*Hjlns), respectively,
compared to ventricular myocytes grown in conirol medium {respectively 11 and 9.5 % of
total incorporated [PH)ins). In 18:2n-6 treated celis, no significant effect was observed on
receptor-mediated PLC-# aciivity. Also treatment with 18:0/18:1n-9 led to a slight increase
of the ET-1 stimulated PLC-#-response. Earlier we have shown that the effects of 20:5n-3
on agonist-induced [GH}lnsPn formation can not be ascribed to the alterations in the relative
{*Hlins incorporation in phosphorylated Ptdlns (Lamers ef al., 1992). Similar results were
found by Bordoni ef al. (1920} when cells were grown in 22:6n-3 enriched medium. The
results, obtained with the saponin permeahilized cardiomyocytes, suggest that the effects of
20:5n-3 on receplor-mediated PLC-£ of intact cardiomyocytes could be exerted either at the
level agonist-receptor, receptor-G-protein coupling or G-protein-PLC-8 interaction. In view of
these findings the observations of Skdladéitir ef al. (1993) in adult cardiomyocyles are
interesting. Although in the latter study the changes of phospholipid fatty acid profile were
obtained pharmacologically by repeated administration of hydrocoriisone andfor epinephrine,
the enhanced incorporation of 18:2n-8, 20:4n-6 and 22:6n-3 in phosphatidylcholine and
phosphatidylethanolamine paralleled the decreases in affinity of the a;-adrenoceptors and
coincided with downregulation of the number of g-adrenergic binding sites. Next o the fact
that the mechanisms responsible for a4~ and g-adrenoceptor regulation are different, it was
speculated by Skdtadditir ef af. {1993) that because adrenoceptors span the entire thickness
of the membrane bilayer a change in membrane phospholipid acyl chains could result in an
increase in bilayer volume associated with a conformational change in the membrane
receptor,

Although the results of the present study indicate that the level of agonist-receptor is an
important step in the impoundment of alterations in the phospholipid falty acid profife on the
PtdIns-cycle, the effects are certainly not restricted to this level. The effect of polyunsaturated
faity acid incorporation in the phospholipids on the membrane dynamic characteristics, such
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as fluidity, membrane-cholesterol in correlation to integrity might influence the process of
activation and the maintenance in the Ptdins-cycle on one hand. On the other hand, the
induced alterations in the molecular species of Ptdins(4,5)P, will likely be of importance as
well,

The direct stimulation of the G-proteins of saponin-permeabitized cardiomyocytes with
GTPyS showed an attentration of {otal [:’H]InsPn accumulation in 20:5n-3 treated cells as was
measured in the cell extract plus incubation buffer. When the results on [:”Hj!nsF’n formation
in the buffer and cell exiract were compared to those in the buffer only, slight discrepancies
show up concerning the effects of various the faity acid treatments. Thus, differences in
permeabilization by saponin of the falty acid treated cardiomyocytes could have occurred.
However, investigation of the time-course of saponin-induced permeabilization of
cardiomyocytes, measured by the release of LDH, unmasked a membrane protecting effect
of 20:5n-3 pretreatment of the cardiomyocytes. The membrane permeabilization by saponin
is generally believed to be caused by complexation with cholesterol In the plasma membrane,
leading to instability of the bilayer (Glauert ef al., 1962; Dourmashkin ef al., 1962). The
interrelationship between membrane stability, fluidity and cholesterol content of the bilayer
and DBI of the acy! groups in the phospholipids could be the basis of the unexpected finding
of a membrane profective effect of 20:5n-3 treatment of cardiomyocytes towards the
permeabilizing agent saponin. The massive increase of cholesterol induced by 20:5n-3
freatment may initially protect the membrane for the cholesterol clustering, destabilizing and
subsequent permeabilizing action of saponin.

In addition, 20:5n-3-treatment induced alterations in the plasma membrane fluidity and
chemical composition, e.g. molecular species of phospholipids and/or cholesterol content,
could mediate changes in the Ptdins-cycle activity. In line with this, the reduction of
norepinephrine induced Pldins-cycle aclivity was found to be most dramatic in n-3 PUFAs-
treated atrial cells when comparing rats fed with n-6 PUFAs, mono unsaturated or saturated
fatty acids (Woodcock ef al., 1995).

Only 20:5n-3 treatment resulted in a marked increase (1.7 fold) in cholesterol content
expressed as cholesterol over phospholipid molar ratio. When chofesterol content was
expressed per mg of protein, a slight increase in nmol chelesterol per mg cellular protein was
observed in 18:0/18:1n-9 and in 18:2n-6 treated cells, but in the 20:5n-3-treated cells the
increase (3.0 fold) was by far larger. In sarcolemma isolated from hearts of pigs fed a dietary
supplement of 20:5n-3/22:6n-3, an increase of the cholesterol/phospholipid ratio from 0.38
to 0.64 was found by us as well, though the phospholipid/protein ratic decreased from 0.94
to 0.69 {Lamers ef al.,1987). However, in rat smooth muscle cells incubated with 20:5n-3 or
22:6n-3 bovine serum albumin complexes for 12 h, cholesterol content hardly changed
{Dusserre ef al,, 1995). But in the fatter study only 8 % and 9.5 %, respectively, of these faity
acids were incorporated in the phospholipids, at the expense of n-6 PUFAs but also at the
expense of 18:0 and 18:1n-9 fatty acid incorporation. 1t should be noticed that in this model
the incorporafion of 18:2n-6 and 20:4n-6 intc the smooth muscle cell membrane
phospholipids of the control fed animals was only 5 % and 3.4 % respeclively, in comparison
to the 17 % and 18 %, respectively, which we have found in neonatal cardiomyocytes.

The changes in cholesterol content led us to measure the membrane fluidity of the treated
cardiomyocytes. Surprisingly, a decreased fluidity was found in the cells grown in 20:5n-3
enriched medium (Fig. 5). This finding suggests that the fluidizing effect of a high double
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bond index is overcompensated by a "sliffening” eifect of increased cholesterofl content. In
agreement with this, the opposite effect was presented in a study on the same model of
cultured neonatal cardiomyocytes (Bastiaanse ef al,, 1995). In this study it was suggested the
increase in sarcolemmal fluidity that was observed after metabolic inhibition was to be caused
by a decrease in sarcolemmal free cholesterol content.

In conclusion, in neonatal ventricular myocytes, the activity of the PtdIns-cycle is affected
by 20:5n-3 treatment of the cardiomyocytes and this effect could be exerted either on the
level of agonist-receptor, receptor-G-protein coupling or G-protein-PLC-£ interaction. We
hypothesize that a causal refationship may exist between the 20:5n-3 induced alteration of
the physicochemical properties in the bilayer and the agonist-dependent effects on the

PtdIns-cycle activity.
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GENERAL DISCUSSION

The purpose of this thesis was to characterize the short-term Pidins-cycle responses elicifed
by the a;-adrenergic agonist PHE and ET-1 in cultured neonatal rat cardiomyocytes.
Previously, both agonists were shown to produce an immediate positive inotropic effect and
after several hours cell enlargement. Although the etiology of hypertrophy is likely
multifactorial, ay-adrenergic and endothelin receptors may belong to the major factors
involved in the hypertrophic response in vivo. In general, agonists that couple to PLC-8 were
shown by us and others to cause hypertrophy in this model of cultured cardiomyocytes
{Shubeita ef al., 1990; Suzuki ef al., 1981; Mochly-Rosen ef al.,, 1990; Knowlton ef al., 1993;
Van Heugten et al., 1995; Sugden et al., 1995}, Thus, hypertrophy may be induced through
the pathway operating via Gq, PLC-B, Ptdins(4,5)P,, Ins(1,4,5)P; and 1,2-DAG and through
PKC-linked pathways. Direct activation of PKC with the phorbolester PMA or by transfection
of cDNA constructs encoding constitutively active PKC induced hypertrophy of cultured
neonatal cardiomyocytes {Sugden ef al.,, 1995). it was, therefore, of interest to compare the
Ptdins-cycle related responses of an ay-adrenergic agonist (PHE) and ET-1 in other to
investigate whether agonist-dependent distinctions do exist. We also studied the effect of
modification of the internal and external Ca®* concentration and of the fatty acid composition
of the membrane phospholipids on the activation of PLC-# by both agonists.

Ptdins-cycle related responses

Inositolphosphate isomers

The [‘HJinositolphosphate isomers which accumulated upon stimulation of [PHjinositol
prelabelled cardiomyocytes by PHE and ET-1 in the presence of the inositol-monophosphate
phasphatase-inhibiter Li”, revealed some interesting agonist-dependent differences (Chapter
4): After PHE stimutation the [PHjinositolphosphate isomers formed suggest the operation of
the b-phosphatase pathway as a gradual accumulation of Ins(1,4)P, and Ins(4)P was
observed, whereas no elevation of ["Hjinositolphosphate isomers associated with the 3-kinase
pathway was detected. In contrast, ET-1 stimulation evoked an [*Hjinositolphosphate isomer
response involving the 5-phosphatase- as well as the 3-kinase pathway with a production rate
which was much higher than after stimulation with PHE. On the other hand, the bulk amount
of {*Hjinositol was found to be incorporated in the Ins(4)P fraction which was independent of
the type of agonist. The latter was expected because Li" acts predominantly by inhibition at
the level of inositolmonophosphate hydrolysis. The different paiterns of [°Hjinositolphosphate
isomer formation induced by PHE and ET-1 provide evidence that the activity of the enzymes
of the 5-phosphates and 3-kinase pathway are also distinctly influenced by receptor
stimulation.

A remarkable similarity in the responses induced by PHE and ET-1 was the absence of
any increase of [*H]inositol incorporation into the putative Ca®*-refeasing compound
ins(1,4,5)P, and its direct phosphorylation product Ins(1,3,4,5)P,. Therefore it is likely that
in these cardiomyocytes the enzymes involved in the inositolphosphate degradation are
particularly active. In a similar model of cultured rat cardiomyocytes, Woodcock ef al.(1991
and 1992) could not observe a Ez’i-f]lns(1,3,4,5)P4 accumulation after stimulation of the cells
with a,-adrenergic agonist norepinephrine either, but they did obsereve a rapid accumulation
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of PHjIns(1 4.5)P;. The authors demonstrated that the degree of PHlIns(1 4.5)P;
accumulation depended on the age of the animals and culfuring procedure as will be
discussed later (Woodcock et al., 1991 and 1992). With respect to a possible role of agonist-
stimulated Ins(1,4,5)P; and Ins(1,3,4,5)P, elevation in the Ca®* response, it is also important
to notice that Ins(1.4,5)P, was reporied to be either aclive {Nosek, ¢f af., 1986), inactive
{Movsesian ef al., 1985) or weakly active with regard to its ability to release of Ca® from Ca%'
stores of cardiac SR {Kentish et al, 1991). These controversial findings strenglhen our
conclusion that Ins(1,4,5)P4 and Ins(1,3.4,5)P, accumulations are of minor impertance for the
small Ca®* response we observed following stimulation with o -adrenergic agonist and ET-1.
As far as the a,-adrenergic response is concerned, the same conclusion was drawn by
Schmitz ef al.(1991). Based upon our observation it is more likely that the agonist-induced
elevations of 1,2-DAG levels (Chapter 4} are causaily related fo the observed small Ca®*
responses (Chapter 5).

1,2-Diacylglycerols

Like the inositolphosphate isomers, the various molecular species of 1,2-DAG are known to
be rapidly metabolized by DAG lipases and/or kinases. Under conditions similar o those
chosen {o measure {SH]inositolphosphate isomer responses, the cardiomyocyltes showed
significant total 1,2-DAG responses. After stimulation with PHE, the 1,2-DAG ievel became
only elevated after 16 min, whereas stimulation with ET-1 caused an increase in the 1,2-DAG
tevel already afier 8 min {Chapter 4). As we postulated for the activity of inositolphosphate
isomer degrading enzymes, the activities of DAG lipases and kinases could be distinctly
influenced by the receptors involved. We can not deduce the origin of the 1,2-DAG formation
from these experiments, however, the agonist-dependent time course of 1,2-DAG-formation
may indicate the contribution of pathways other than PLC-# such as the activation of
phospholipase D (PLD) (Thompson et al., 1993; Boarder, 1994; Eskildsen-Helmond et af,,
1995). Thus, 1,2-DAG may also be produced by PLD-mediated hydrolysis of membrane
phosphatidylcholine (PtdChot) which also lead to formation of PtdOH (Fig. 1). PtdOH is
subsequently hydrolysed by a PtdOH phosphohydrolase (PPH) that may be innate in PLD
(Sugden ef al., 1995). Indeed, recently we obtained evidence that ET-1 and PMA, but not
PHE, markedly stimulated PLD activity in cultured neonatal cardiomyocytes (Lamers ef al.,
1995). Production of 1,2-DAG from PLD may maintain elevated 1,2-DAG concentrations over
a longer period following initfal activation of PLC-8 hecause PLD is activated by PKC (Fig.
1).

Cytosolic free Ca®*

To monitor the intracellular Ca®* ({Caz*]i) changes, after stimulation with a,-adrenergic agonist
PHE or ET-1, a fluorescent Ca®* probe, fura-2 AM was used in a dual-wavelength
fluorescence microscope setup. The results of these experiments are presented in Chapter
5.

When we measured the ratio- {R-} value averaged over all myocytes in the field of view,
we detected only marginal Ca®* responses following stimulation with the fwo agonists, Only
if Ca®* responses of randomly chosen individual cardiomyocytes were analyzed, an agonist-
dependent delayed monophasic and biphasic Ca?* responses were observed in a number of
cells after stimulation with PHE and ET-1, respectively. Obviously, the ability of the
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cardiomyocytes fo elicit a (synchronous) Ca?* response upon stimulation with PHE or ET-1
was quite variable, which resulted In flattening of the average Ca®* response. Apart from the
fact that the presence of some nonmyocytes (mainly fibroblasts) might have disturbed the
average Ca®* response as well, variability between cardiomyocytes in the culture can be
caused by a number of factors as proposed by others, For instance, it was shown that
enzymalic dissociation of myocytes caused differences in subcellular patterns of [Caz*}i
between individual cells affecting their cellular appearance and behaviour {quiescence,
spontaneous contraction or hypercontraction) {Wier ef al., 1987). Also differences in basal
[Caz*]i, which is reflected by the different Ca®* content of the SR, influence Ca?* release
patterns (Lipp and Niggli, 1994) as is discussed in Chapter 5. Another aspect which may
infroduce variability is the developmental state of the culture, which will be discussed later.

Protein kinase C activafion and phosphorylation of protein substrates

In Chapter 4 it is described that stimulation of cardiomyocytes with PHE resulted in the rapid
phosphorylation of a 30 kDa cytoskeleton or myofibrils-associated protein, whereas no protein
was found to be detectably phosphoryiated after stimutation with ET-1. On the other hand,
the detection of ¥2P-labelled phosphoproteins in whole homogenates of cardiomyocytes
following separation on SDS gelelectrophoresis appeared fo be hampered by the dominating
presence of the non-specific phosphorylated proteins. Therefore, our results do not exclude
the phosphorylation of several specific proteins after PHE and ET-1 stimulation. Based upon
the observed translocation of PKC isoenzymes, it is likely that specific protein phosphorylation
had occurred.

The assay of PKC is not easy: the translocation of classical- {¢-) and novel- {n-) PKC's
from the scluble to a particulate fraction is normally taken as being equivalent with activation
(Sugden et al.,1995). PKC activily In pariculate and soluble fraction is measured by the
phosphorylation of suitable (model) substrates. For ¢PKCs, a suitable substrate is histon 1l
S. For cPKCs or nPKCs, the commercially available peptide-e {modelied on the PKC-¢
pseudosubsirate} is suitable. We have used an cligopeptide sequence from the epidermal
growth factor (EGF)-receptor and glycogen synthase {GS) receptor for measuring the activity
of PKC after stimufation of cardiomyocytes with PHE, ET-1 or the phorbolester PMA, as was
described by Shubeita ef al. {1992). PKC assays were performed on agonist stimulated cells
which were permeabilized by saponin and further incubated in presence of [y->*P]-ATP in the
presence or absence of Ca®* (100 nM). After stimulation of the cells with PMA, but not after
stimulation with PHE or ET-1, we observed a marked Ca**-independent stimulation of 32P
incorporation into the exogenously added EGF receptor. These PKC assay methods,
however, cannot discriminate unambiguously between the PKC isoforms. in order to do this,
we and many others are now using Western blot analysis with polyclonal antisera raised
against unique peptide sequences in the individual PKC isoforms or with monoclonal
antibodies. PKC immunoblot analysis of the cytosolic and particulate fractions isolated from
ET-1 or PHE stimulated cardiomyocyles, revealed a translocation of PKC-¢ (Lamers ef al.,
1995). Upon stimulation with ET-1 we found that PKC-¢ was translocated within 1 min,
whereas myocytes stimulated with PHE revealed oniy a modest disappearance of PKC-¢ from
the cytosol and PKC-¢ could not convincingly be detected in the membrane fraction. The e-
PKC is one of the nPKCs that is Ca®*-independent. Thus its translocation caused by
stimulation with PHE and ET-1 is consistent with the observed minor and delayed efevation
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of {Ca®"}; and sustained (1,2)DAG accumulation. Indeed, no transiocation of the major Ca™-
dependent isoform PKC-a was observed after stimuiation by either ET-1 (Lamers el al., 1895)
or PHE (unpublished observations). As expected, stimulation of the cardiomyocyies with
PMA, however, resulted in an immediate translocation of PKC e as well as PKC-a. Thus,
using the Western blot approach, differences between isoforms, in terms of their susceptibilily
to translocate following exposure of cardiomyocytes to PHE or ET-1, were identified.
However, it should be kept in mind that the proportions of inactive PKC isoforms present in
the particulate fraction differs between the isoforms (Rybin and Steinberg, 1994) and may
also be dependent upon extraction conditions. Furthermore, in the absence of standards
during immunabiolting, the relative levels of expression of the different isoforms cannot simply
be calcufated from the densities of the immunoreactive bands on the biot because of
differences in the affinily of the antibodies for the PKC Isoforms. Nevertheless, the results on
¥p.incorporation into proteins of the cell homogenate and translocation of PKC
immuncreactivity suggest that PKC isoenzymes other than PKC-¢ and PKC-¢ are involved
in PHE induced phosphorylation of the 30 kDa protein. The 30 kDa protein may be identical
with the myofibrillar compound troponin | which is involved in the regulation of the Ca?*
affinity of troponin C {Wattanapermpoo!l ef al, 1995). There is evidence that upon a;-
adrenergic stimulation of myocardium the Ca®' sensitivity of the myofibrils is increased which
could explain the positive inotropic effect due to PKC activation without the necessity of a
large Ins(1,4.5)P; induced Ca®* response (Terzic of al., 1993).

The expression of the specific PKC iscenzymes, and their agonist-dependent transiocation
is still in a very early phase of investigation, and appears to be species and age dependent
{Pucéat et al., 1994; Rybin and Steinberg, 1994; Steinberg ef al., 1995; Disatnik ef al.,, 1994).
In a study in which immunofluorescence techniques were used, six PKC isoenzymes, a, 4,
€, ¢ but also gl and glt, were shown to be present in neonatal rat cardiomyocytes. Moreover,
PKC-a and PKC-{ were translocated from the cytoplasm to the perinuclear region after a 2-
min exposure to norepinephrine (Disatnik ef al., 1994). Already 11 subspecies of PKC have
been identified in mammalian tissues (Nishizuka, 1992; Harrington and Ware, 1995), of which
some are likely to be expressed simultaneously in heart (Steinberg ef al., 1995). However,
the incongruily in the reports on the presence, location, activation and translocation of PKC
isoenzymes should make us aware of the complexity in regulation and location of these
messengers.

Consequences of PKC activation in cardiomyocytes

PKCs may regutate many cardiac functions: energy metabolism, contractile state, cellular
Ca® handling, hypertrophic growth, changes of phenotype and ischemic preconditioning
(Sugden ef al,, 1995). Different PKCs may influence a single biological event and the ultimate
response depends on the overall integrated effect of these phosphorylations. One of the
biological responses fo activation of PKC that has been identified in the model of cultured
cardiomyocytes is the hyperirophic growth concomitant with the characteristic alterations in
specific gene franscriptions {reexpression of ANF, g-myosin heavy chain, skeletal muscle a-
actin and upregulation of the constitutive genes encoding myofibrillar proteins, myosin light
chain-2, cardiac muscle a-actin). Direct activation of PKC with phorbolesters (Henrich and
Simpson, 1988; Dunmon ef al., 1990; Allo el al., 1991 and 1992) or by transfection of CDNA
constructs encoding constitutively active PKC (Shubeita ef al., 1992; Kariya ot al., 1991;
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Decock et al., 1994) produces hypertrophy in cultured cardiomyocytes. Mitogen activated
kinases (MAPK) and MAPK kinase (MAPKK) are reported to be strongly activated by ET-1
and PHE (Bogoyevitch ef al., 1993 and 1994), which occurred in parallel with hypertrophy of
cardiomyocytes. Because of this, it can be proposed that activation of MAPK and MAPKK
may be one of the signalling events downstream of PKC activation in these cells (Fig. 1). At
present, the mechanism by which the activation of the MAPK-cascade might lead to
hyperirophy and an altered phenotype is not clear.

PHE and ET-1 receptor mediated activation of PLC-8: role of [Ca""‘}I and membrane
phosphalipids

In various cell types it was shown that [Ca”]i has profound effects on PLC-@ activation either
directly or by potentiating the receptor-mediafed response {(Abdel-{atif, 1986; Cockcroft and
Tomas, 1992). Chapter 3 describes the influence of changes in [C-az“}i on the PHE and ET-1
receptor mediated activation of PLG-8 in cultured cardiomyocytes. For this purpose, PLC-8
activity was monitored by measurement of the formation of total [*H}-inositolphosphates
({SH]InsPn) in the presence of Li*. Changes in cardiomyocyte [Ca"“]l. were induced by several
means: addition of high [Ca*'},, Ca?* ionophores, Na*/K*-ATPase inhibitor {(ouabain) and high
[K"],. Under some of the experimental conditions the actual changes in [Caz*},- were verified
using the fluorescent Ca®* probe fura-2. Basal PLC-g activity was shown to be unaffected by
either increased or decreased [Ca2+]i. However, changes of [Caz"ji did influence the receptor-
stimulated PLC-8 activity. PHE as well as ET-1 evoked PLC-# activity was increased in the
presence of high external Ca?* concentration and Ca®*-ionophore A23187. Depolarization of
the SL of the cardiomyocytes with a high [K'],, known to result in an increase of {Ca®"],
increased ET-1-mediated PLC-# activity but unexpectedly reduced PHE- mediated PLC-8
activity. On the other hand, as expecled, total removal of external Ca®* by addition of EGTA
strongly inhibiled receptor-mediated PLC-8 activity. Several steps in the receptor-mediated
transmembrane signalling cascade, e.g. receptor-G-protein coupling and G-protein interaction
with PLC-8, are likely subjected to regulation by [Caz"}j. The a,-adrenergic receptor as well
as the ET-1 receptor are characterized by having seven membrane-spanning domains
connected by extracellular and intracellular loops (Berridge, 1993). The intraceliular joops,
for example, could provide sites for various actions such as phosphorylation or binding of
modulating agents, e.g. Ca® (induced by high {K*]e), which could be causally related to the
unexpected observation of an agonist dependence of high [K'], effects in receplor-mediated
PLC-g (Chapter 3). In addition, the function of G-proteins, i.e. dissociafion and association
of its a- and By-subunits, or the putative role of the gy subunit in activation of PLC-3 are likely
to be influenced by [Caz*},- {Clapham, 1995). In Chapter 3 we report that GTPyS stimulated
PLC-g activity in saponin-permeabilized cardiomyocyltes was strongly activated by Ca®* ions
in the concentration range of 0.1 to 10 uM. To which degree PLC-g itself or the receptor-G-
protein coupled PLC-g is activated by Ca®* cannot be derived from these results. However,
we conclude that the cytoplasmic free Ca®* concentration plays a feedback activating role
during the receptor-mediated PLC-8 activation only when [Caz"]i increases due to action of
(ns{1,4,5)P;.
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Membrane phospholipids

In Chapter 6 we reviewed the literature describing the effects of a change of the fatty acid
composiltion of the membrane phospholipids by distary means or otherwise on various
functions of the intact heart (e.9. a;- and g-adrenergically stimulation of contraclility, slow
Ca?*-channel current, and f-adrenoceptor induced arrhythmias), We studied the effects of
a changed polyunsaturated fatty acid (PUFA) composition of the membrane phospholipids
on receptor stimulated PLC-S activity in an almost homogeneous preparation of
cardiomyocytes (Chapter 7). A remarkable finding in this study was that cultured
cardiomyocytes prefreated for 3-4 days with the PUFA 20:5n-3 revealed the most dramatic
effects on agonist stimufated PLC-# activity when compared to cells not treated or treated
with equimolar amounts of 18:0/18:1n-8 or the PUFA 18:2n-6. Moreover, receptor-mediated
aclivity of PLC-# in 20:5n-3 pretreated cells was observed to be agonist dependent.
Stimulation with ET-1 resulted in an increased PLC-# activity in comparison to cells treated
with control-medium {(without addition of falty acid), whereas stimulation with PHE resulted
in a decreased PLC-# aclivity. The mechanism of action of membrane 20:5n-3 on specific
functional components of the signalling cascade underlying these agonist dependent
differences is at present not clear. When the rofe of the receptor on PLC-# aclivation was
circumvented by means of direct activation of PLC-# by GTPyS in saponin-permeabilized
cells, the 20:5n-3- but not the 18:0/18:1n-9 or 18:2n-6 {reated cells, revealed a reduced
accumulation of [3H]In=sl3’n in comparison {o the control treated cells. This finding implicates
that agonist dependent effecls of aliered 20:5n-3 incorporation into the membrane
phospholipids occur not only at the level of the agonist-receptor but also at the level of
receptor-G-protein or G-protein-PLC-8 coupling. As far as the recepfor function is concerned,
the PUFA effects may matter the number of binding sites or the affinity for the ligand,
provided that a,-adrenergic and ET-1 receptors are coupled to the same isotype of PLC-4.

On the basis of the results obtained in Chapter 6 and 7, we argue that the effect of
modification of PUFA composition of the membrane phospholipids onreceptor-mediated PLC-

£ can nct be restricted to just one aspect. As we demonstrated before, the PUFAs are
incorporated in membrane phosphelipids, particularly in the bulk phospholipids PtdChol and

PtdEth but also in Ptdins, Ptdins{4}P and Ptd(4,5)P, (Lamers ef al,, 1992 and 1993, Chapter
6). Apart from changes in 1} the dynamic properties of the membrane, such as fluidity, 2) the
bifayer distribution of phospholipids or 3) the total cholesterol content of the membrane, the
affinity of the mulliple enzymes Invoived in the Ptdins-cycle for the altered phospholipid
substrates may be differenl. For example, Pldins-kinase and PidinsP-kinase may
preferentially phosphorylate molecular species of phosphoinositides which contain particular
PUFAs. Similarly, PLC-# itself can be affected by changes of the molecular species of
Ptdins(4,5)P, or of the core phospholipids, for which evidence was obtained when the
saponin-permeabilized 20:5n-3 treated cardiomyocytes were stimulated with GTPyS (Chapter
7). Changes in the molecular species of the PLC-8 hydrolysis product 1,2-DAG are likely to
be reflected in its ability to activate PKC isoenzymes, and this will have consequences for the
events occurring downstream to PKC (see Chapter 6). The physicochemical and dynamic
properties of the 8L, such as its fluidity and cholasterol content, were also shown to be
affected particularly by 20:5n-3 freatment of cardiomyocytes (Chapter 7). 1t further
complicates the interpretation of the observed effect of 20:5n-3 treatment on receptor-
mediated PLC-# activity. From our data it followed that in 20:5n-3 treated cells a marked
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increase of membrane cholesterol content parallelled a slight decrease in membrane fluidity.
Apparently, the fluidizing effect of a high degree of polyunsaturation of the fatly acids
incorporated in the phospholipids overcompensated the ’stiffening’ effects of increased
membrane cholesterol content. In computer modeling studies and in monolayer studies, it has
been demonstrated that on the one hand the fatty acid composition of DAG-moiety of the
membrane phospholipids determines thermodynamically the stability of the acyl chain packing
in the membrane bilayer because this packing is mostly favoured by the presence of PUFAs
on the sn-2 position (Applegate and Glomset, 1891a and 1991b). This would explain the fact
that phospholipids with a particular fatty acid composition are located in different stable
domains. On the other hand, in a study in which synthesized monolayers were used, it was
shown that cholesterol can preferentially form stable complexes with certain membrane
phospholipids (Bittman ef al., 1994). Regarding possible changes in membrane acyl packing
ar the formation of stable domains it is interesting to note that we observed a resistance of
20:5n-3 treated cells to saponin permeabilization (Chapter 7). Saponin is considered to
disturb membrane integrily, by clustering membrane cholesterol. Thus, by induction of an
increase of membrane cholesterol content, 20:5n-3 treatment protects the membrane against
the destabilizing action of saponin.

The relevance of the ohserved agonist-induced second messenger responses for the
in vivo situation

In neonatal rat cardiomyocytes the putative Ca®* releasing messengers (ins(1 4,5)P; and
Ins{1,3,4,5)P,) were found to be unaffected upon either stimulation with PHE or £T-1,
whereas 1,2-DAG levels were found to be increased after 8 to 16 min of stimulation. The
question may arise: "What is the relevance of the PHE or ET-1 induced second messenger
responses for the indugtion of positive inotropy and late hypertrophy in the in vivo situation?"

This question can be addressed from two points of view:

Firstly, the Ins(1,4,5)P; limb of the PtdIns cycle is of less or no importance fallowing
receptor-mediated PLC-# action in transducing the message. Generally, the PtdIns-cycle is
a signalling system of which the ins(1,4,5)P, mediated Ca® release is a central event in the
development of the biological responses in many lissue. [n the heart, Ca®* is essential to the
generation of electrical activity in the pacemaker cells, conduction in the conducting cells, and
the processes of excitation-contraction coupling and relaxation in the cardiomyocytes.
Interference of the precisely controlled Ca?* fluxes by receptor-mediated Ca?* signalling could
therefore be undesirable. Ca®* may not be a "safe" second messenger for mediating
hormonal signals in pacemaker cells, conducting cells and cardiomyocytes, and its sudden
cellular mobilization is prevented by relatively fast operation of the enzyme systems involved
in phosphate degradation. The other product of PLC-8’s action, 1,2-DAG, plays a major role
in activating PKCs, which are responsible for the phosphorylation of target proteins, such as
components of the contractile system (sensitization of the myofilaments), ion channels and
transcription factors (Fig. 1). Moreover, these PKCs may provide cross-talk with other
messenger systems, such as PLD, tyrosine kinase or MAPK systems, to propagate the
agonist-induced signat (Fig. 1}. In turn, cross-talk with other signalling pathways such as PLD
are of importance in maintaining the necessary levels of DAG for continued PKC activation
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Figure 1 Signalling pathway mediated through phosphelipid hydrolysis. Binding of a,-adrenergic
agonists or ET-1 to their membrane receptor results in Gy (a-GTP-By) dissociation and a,GTP
loading. a,-GTP activates the membrane-bound enzyme PLC-# which stimulates hydrolysis of
membrane-bound Pldins{4,5)P, to produce the messengers: hydrophilic Ins(1,4,5)P; and hydrophobic
1,2-DAG. Ins(1,4.5)P; regulales intracellular Ca®* movements, but is probably of limited importance
in this regard in cardiac myocytes. 1,2-DAG activates classical {cPKCs) and novel {nPKCs) PKCs in
a process that involves fransfocation of soluble PKC to the membrane. ¢- and n- PKCs can be directly
activated by the phorbolester PMA. PKCs directly phosphorylale or indirectly bring about
phosphorylation of a number of proteins (30 kDa protein, MAPK, myristoylated alanine-rich C kinase
substrate (MARCKS), Na*/Ca®* exchanger protein, K*a1p Channet protein, etc.) which couple PKCs to
the ultimate biclogical responses; positive Inotropy, hypertraphy, altered gene expression or ischemic
preconditioning. 1,2-DAG is rapidly phosphorylated to PtdOH by DAG kinase to terminate its activity
and is subsequently salvaged for phospholipid synthesis. 1,2-DAG can also be produced by PLD-
mediated hydrolysis of membrane PldChol to produce PtdOH. In this reaction PtdOH is formed, and
subsequently hydrolysed by a PldOH phosphahydrolase (PPH) astivity that may be Intrinsic to the PLD
enzyme. Production of 1,2-DAG from PLD/PtdChol may maintain 1,2-DAG concentrations over a
pratonged period because PLD is aclivated by PMA and PKC. Modified after Sugden and Bogoyevitch
(1995). (Nishizuka, 1992; Nakamura et al., 1993). However, in our experiments slight amounts of Ca®"
are released in cardiomyacytes upon receptor stimulation, although somewhat delayed, These slight
amounts of Ca®* released are likely regulatory to the signalling processes, such as feed-forward
activation of PLC-g {Chapter 3; Clapham, 1995).
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Secondly, the locality of the signalling processes may be of major importance, which
would vouch for the presence and the integrity in function of the different {agonist-dependent}
signalling pathways (Chapter 4). This issue comprises a major problem in the elucidation of
signalling processes in general, and is fikely to be a future challenge in this area. Concerning
the PtdIns-signalling route activated by a,-adrenergic agonists and ET-1, the creation of very
local environments could explain why the Ca®* releasing components tns(1,4,5)P; and
Ins(1,3,4,5}P, were not deteclably elevated. in the conception of a microenvironment
messenger concentrations {of Ins(1,4,6)P; and Ins(1,3,4,.5)P, but also of Caz*) are elevated
to levels which may locally activate channel proteins, protein kinases etc. (Clapham, 1995).
In that way undesired interference with the precisely controlled whole cell Ca®* fluxes invoived
in action potential generation, and conduction, excitation-contraction coupling and relaxation
are prevented. Regarding microenvironments, in neonatal rat cardiomyocytes the locaiization
of three different exchangeable Ca®* compartments was reported: 1) a slow exchangeable
mitochondrial compariment; 2) a compartment with an intermediate rate, most likely the SR;
and 3) a fast compartment, resided in the subsarcolemmal space between SR and SL (Post
and Langer, 1992; Post ef af., 1993). The local intracellular Ca?* concentration could activate
Ca®*-dependent protein kinases (Ca®'-calmodulin-dependent protein kinase and Ca®
dependent PKCs) which would in turn activate Ca®* release channels. Moreover, Ca** itself
could modulate the activity of the Ca®' release channels by direct binding to these channsls
(Zang ef al, 1993; Clapham, 1995). Also the excilation-contraction coupled Ca®
accumulation in the heart is suggested to be under “local control”. The whole cell Ca?*
transients are explained in terms of synchronous recruitment of single, stereotypic unitary
local Ca?* transients, controlied by single L-type Ca®* channels in the sarcolemma (L6pez-
Lépez et al,, 1995). Furthermore, the subcellular distribution of the RYR receptor and the
IP4R in the SR meets the concept of locality (Kijima et al,, 1993). The distinct location of
these two Ca®' releasing channels would ensure the functional integrity of signalling systems
which employ Ins(1,4,5}P, as messenger. it has been demonstrated immunocytochemically
and at the level of the electron microscope that in rat ventricular cardiomyocytes the
Ins(1,4,5)P, receptor was specifically located at the intercalated discs and not in the SR
(Kijima et al., 1993). The RYRs, however, were observed as transverse bands along the
entire length of the ventricular cardiomyocyte and corresponded with the I-bands closely
{ocalized to the terminal cisternae of the SR (Kijima ef al., 1993). The authors of the latter
report postulated the rote of the Ins{1,4,5)P; receptor in the mediation of Ca®* entry through
the intercalated discs and/or interceliular signalling between cardiomyocytes.

"Cross-taik" between different signalling pathways must include the concept of locality as
well. The existence of different a;-adrenergic and ET-1 receptor sublypes, the presence of
20 a- and at least 4 #- and six y-subunifs of G-proteins and selectivity of the signal
transduction for the different PLC subtypes might depend on compartmentalization of the
different sets of subtypes and/or on selective protein-protein interactions. Specificinteractions
could be accomplished by differences in affinity or efficacy of interactions and could be
modulated by loeal regutation of the relative number of each receptor subtype or G-protein
subunit (Iniguez-Liuhi ef al., 1993; Neer, 1995). In this regard, the locality concept concemns
the G-protein as well. The prior belief that the role of By-subunits is only to chaperone the
a-subunit between the active and inaclive state, is more and more set aside since Sy dimers
were found to activate ion-channels, adenylate cyclase, PLA,, Pldins 3-kinase andthe PLC-#
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mediated PidIns signalling cascade (Bovyer st al., 1994; Iniguez-Liuhi ef al., 1993). Even the
MAPK pathway is reported to be activated by gy-dimers through ras (Neer, 1995).

Similarly, the functionai integrity of the PKCs can be explained by the locality concept. The
members of the PKC family show different requirements of phospholipid metaboiites.
Moreover, the fatty acid composilion of 1,2-DAG may. vary depending on whether they are
derived from Ptdins or PtdChol, which may be of importance for the activation of the different
PKCs (Chapter 8). Most likely, the various PKCs respond differently to Ca®*, molecular
species of 1,2-DAG and other phospholipid degradation products, and thereby produce
distinct activation patterns with respect to the extent, duration, and intracellular localization
(Nakamura ef al., 1993).

The matter of [ocalily is probably one of the most challenging issues in the area of signal
transduction and awaits further investigation to bridge the "grey” area of transmembrane
events and more downstream up to the level of the nucleus, and beyond.

The relevance of the used model for agonist-induced biological responses in vivo

In the experiments described in this thesis culfured neonatal rat cardiomyocyles were used,
which have offered us the advantage of a fairly pure cell culture (more than 90%
cardiomyocyles) grown on glass and plastic, which revealed spontaneous contractions.
Moreover, neonatal rat cardiomyocytes in culture possess the Pidins-cycle coupled a;-
adrenergic or ET-1 receptors that upon stimulation lead to a hypertrophic response, including
the transient expression of immediate-early genes, the expression of the late genes, the
reexpression of some fetal proteins and late down-regulation of the Ga®* ATPase of the SR,
sharing many features observed in vivo. However, a number of observations with neonatal
rat cardiomyocytes in culture do not allow simple extrapolation to 1) adult rat cardiomyocytes,
2) cardiomyocytes of other species, and 3) to the in vivo situation.

Although after birth cardiomyocytes loose their capacity to proliferate, in vitro ventricular
myocyles from 2 days old rats continue to differentiate during 15 days after mitogen
withdrawal. In the absence of hemodynamic and neurchumoral influences, the celluiar
differentiation was shown to result in the formation of cross-striations, increased proportion
of the M-subunit of creatine kinase, a stable expression of a-cardiac actin and myosin heavy
chain mRNAs and downregulation of skeletal a-actin mRNA (Ueno ef al., 1988). Serum, as
it was also present in the culture medium used in our experiments, contains a number of
stimuli such as catecholamines, which act as potent growth agonists exerting muitiple effects.
For example, skeletal a-actin mRNA expression is an important indicator of differentiation of
cardiomyocytes but in the case of myocytes in culture, of de-differentiation. Serum can exert
striking effects on the expression of skeletal g-actin mRNA formation, such as inhibition of
skeletal a-actin mRNA when it is normally expressed and induction when it is normally silent,
depending on the state of differentiation (Ueno et af., 1988). Moreover, it was reporied that
ceflular cholesterol content increased with age of the culiured cardiomyocytes (Shmeeda ef
al., 1995). This is relevant in particular to our experiments in which the contraction frequency
was studied after long-term PUFA treatment of the cardiomyocytes. The increase of cellular
cholesterol reported by Shmeeda ef al. (1995} was concurrent with a decrease in the cells’
beating rate, which could be restored by removal of the excess of serum cholestero} by
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treatment with small unilamellar vesicles of egg phosphatidylcholine (Shmeeda ef al., 1995).
Accordingly, it is of importance to standardize the experiments on cultured neonatal
cardiomyocytes particularly with regard to the age of the cultured cells. We have carfed out
our experiments always after 5-6 days.

Apart from variation in culture time, a variety of dissimilarities are found between isolated
myocytes and intact heart preparations, between myocytes from neonatal and adult rats, as
well as between cardiomyocytes of different mammalian species.

For example, the expression and densily of a,-adrenergic receptors showed differences
between parts of the heart but also between species. The density of a,-adrenergic raceptors
in atrial lissue is much lower than in ventricular tissue of rabbit, pig, calf and human
(Steinfath et al., 1992}). Moreover, the density of a;-adrenergic receptors in rat ventricular
tissue appears to be exceptionally high, 5 to 8 fold higher than in ventricular tissue of rabbit,
pig, calf and human. In cultured neonatat rat ventricular myocytes the a,-adrenergic receptor
subclasses 1A and 1B are expressed, of which oy, was demonstrated not only to mediate
the Ptdins(4,5)P, hydrolysis but also the induction of the immediate-early genes and the
increase in myocardial cell size (Knowiton ef al., 1993; Kimura ef al, 1994}). in rabbif
ventricular myocytes it was reported that the a,,-sublype mediated the positive inotropy and
Ptdins hydrolysis (Suzuki ef al., 1990; Endoh ef al, 1992). The existence of the different
subtypes was shown to vary with culture time and species. At day 3 after isolation, neonatal
rat cardiomyocytes possessed the subtypes a,, and a,p in a ratio of 35:65, of which the a,5-
subtype appeared to play an important role in the norepinephrine-induced positive
chronotropic response. At the seventh day after isolation, 74% of the a-adrenergic receptors
belong to the a,,-subtype and 26% to the a,z-subtype (Kimura ef al,, 1994). Furthermore, in
the presence of the B-adrenergic receptor blocker propranclol, the a,-adrenergic agonist PHE
was shown to increase the L-type channel Ca** current in necnatal but not in young (1-2
months old) rat cardiomyocytes, suggesting that the u;-adrenergic receptor may have
switched from coupling to the L-iype voltage gated Ca®* channel to coupling the Ptdins
hydrolysis pathway (Liu ef al., 1994; Kimura ef al., 1994).

Not only differences in receptor density, subtype or coupling to channel or messenger
systems, but also differences in the messenger systems such as the Ptdins turnover pathway
were abserved between cultured neonatal myocytes and intact neonatal heart tissue. These
differences may reflect the differences in developmental stage due to de-differentiation of the
cardiomyocytes maintained in culture ex vivo. It was reported that cell isolation and cell
culture may induce changes in the nature of the pathway. Particutarly in cultured neonatal
cardiomyocytes it was reported that a remnant of the Ins(1,4,6)P; kinase pathway had
remained, as was also found in a number of different heart preparations, e.g. isolated
perfused rat heart and isolated guinea-pig heart (Woodcock ef af,, 1991 and 1992). This
remnant part of the pathway in cultured neonatal cardiomyocyles was suggested to he
sefectively deleted during maturation and differentiation of cardiomyocytes in situ {(Woodcock
ef al,, 1992). The pathway in intact neonatal heart was similar to that in adult heart
{Woodcock ef al., 1992 and 1987).

In addition, methodological probiems with regard to isolation- or extraction procedures
may give rise to ambiguous results. For example, enzymatic isclation of rat heart cells was
reporied o be assoclaled with differences in cytoplasmic subcellular Ca®* paltems of the
cardiomyocytes (Wier ef al., 1987). The isolated population of cardiomyocytes appeared to
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be heterogensous containing quiescent cells, spontaneously contracting cells, and
hypercontracted cells. This heterogensity is likely to have consequences for the signal
transduction pathways and Ca®* responses. Extraction procedures were mentioned to
produce arlifacts. For example acidic chloroform/methanol extraction of intact heart tissue
may result in the formation of methyl-phosphoryl-inositol 1,4,5-trisphosphate, which could
erroneously be identified as Ins(1,3,4)P; {Woodcock ef al., 1992 and 1993).

Another major difference between rat necnatal and adult cardiomyocytes on the one hand
and cardiomyocytes of various species on the other hand is the expression, function and
regulation of the PKC isoenzymes. Rat necnatal and adult cardiomyocytes both express PKC
a, 8, and e. PKC ¢ is expressed in neonatal cardiomyocytes but only very weak in adult
cardiomyocytes (Pucéat ef al., 1994), PKC a immunoreactivily was low in extracts from adult
hearts, whereas PKC a was completely absent in extracts from isolated adult ventricular
myocytes, and it was suggested that in the adult heat PKC o resides in nonmyocyte
elements. PKC & was detected in greater abundance in fetal and neonatal myocardium than
in adult myocardium. The PKC ¢ isoform was most abundant in fetal heart extracts compared
to cardiac tissue of older animals (Rybin and Steinberg, 1994).

Conclusion

In this thesis we have shown that stimulation of neonatal rat cardiomyocytes with PHE and
ET-1, ultimately leading to a "hyperrophic™like response in these cells, activate the Ptdins-
cycle and downstream signalling processes in a distinct manner depending on the agonist
used. With both stimuli, Ins(1,4,5)P;-levels remained low either by rapid direct
dephosphorylation (PHE)} or phosphorylation to Ins(1,3,45)P, and subsequent
dephosphorylation (ET-1). Ins(1,4,5)P; appears to be less important as second messenger
in these cells, in contrast to 1,2-DAG that was increased either rapidly (ET-1) or after some
lagphase (PHE). Cellular Ca?' responses and protein kinase C activation by the agonists and
consequent protein phosphorylation were also agonist-dependent. Membrane bilayer
dynamics and its fysicochemical properties influenced the activity of the recptor-mediated
signalling pathways as well, as was observed after the change of the n-3 polyunsaturated
fatty acid content of the membrane phospholipids. The data show that the signal transduction
leading to hypertrophy is complex and the multiple stimuil that are involved in vivo likely do
not alt lead to exactly the same responses.
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SUMMARY

The adrenergic nervous system plays an important role in the acute positive inotropic,
chronotropic and late hyperirophic response of the myocardium to a cardiac workoverload.
In the normat situation, the adrenergic inotropic and chronotropic response is predominantly
the result of stimulation of g-adrenergic receptors. However, under pathological conditions
the contribution of the a,-adrenergic receptors increases, particularly with regard the role of
catecholamines in the development of myocardial hypertrophy. Hypertrophy is paralieled by
phenotypic changes such as &.g. respectively down- and up reguiation of the sarcoplasmic
reticulum (SR) Ca?* ATPase pump and atrial natriuretic factor expression. Indeed, it is known
for a fong time that the g-adrenergic receptors of the heart, which are coupled to the G-
protein-adenylate cyclase-cAMP pathway, are decreased in number under conditions of
chronically increased workload. The number of a;-adrenergic receptors is reported to be
increased or to be unchanged under these conditions. «,-Adrenergic receptors are coupled
to the G-protein-phospholipase C-8 (PLC-8) mediated phosphatidylinositol (PtdIns) cycle.
In this signalling pathway, PLC-8 catalyses the hydrolysis of the membrane compound
phosphatidylinositol 4,5-bisphosphate (Ptdins(4,5)P,) yielding three putative messengers:
inositol 1,4,5-trisphosphate {Ins(1,4,5)P;), inositol 1,3,4,5-tetrakisphosphate {Ins(1,3,4,5)P,)
and 1,2-diacylglycerol {1,2-DAG). Ins(1,4,5)P, has been shown to release Ca®* ions from
intracellular Ca®* stores {e.g. the SR in cardiomyocyles), while the role of Ins(1,3,4,5)P, in
the mobilization of Ca®* jons from these stores in myocytes is largely unknown. 1,2-DAG has
heen shown fo activate protein kinase C (PKC) isoenzymes, sometimes in conjunction with
Ca®*, Activation of PKC leads to phosphorylation and activation or inactivation of various
functional proteins of the contractile apparatus, ion channels in the sarcolemima, and
franscription factors. Recently it has become clear that factors other than catecholamines play
arole in the induction of myocardial hypertrophy. One of these factors is endothelin-1 (ET-1},
a peptide which is locally secreted by the coronary endothelial calls. In the cardiomyocyte,
ET-1 can activate the specific ET, receptor which, similarly to the a-adrenergic receptor, is
coupled to the G -protein-PLC-g mediated Ptdins cycle.

At the start of our investigation the signalling mechanism via the Ptdins-cycle in cardiac
tissue was not completely understood. Moreover, ay-adrenergic receptors as well as ET-1
receptors, linked to the Ptdins cycle were involved in the induction of myocardial hypertrophy
which ran parallel to phenotypic alterations of the heart. This explains our interest to
comparatively study the a,-adrenergic and ET-1 receptor-activated Pldins-cycle in heart cells.

Phospholipids, as they are present in the sarcolemma of the cardiomyocytes, have many
functions. They play a structural rofe in the bitayer, thereby facilitating the optimal moticnal
conditions for activity of the multiple complex proteins embedded in the sarcolemma.
Sarcolemmat phospholipids, such as the minor component Ptdins(4,5)P,, are also substrates
for hydrolytic enzymes, such as PLC-g. in this manner these are important for the
transduction of signals from the exterior to the interior of the cell. Earlier, it has been shown
thal modutation of the polyunsaturated fatty acid composition of the membrane phospholipids
by dietary means affected the a,-adrenergic receptor mediated positive inotropic responses
in heart.

To study the receptor-mediated Ptdins cycle and the effects of polyunsaturated fatly acids
thereupon, spontaneous beating neonalal rat cardiomyocytes in culture were utilized. Earlier,
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we and others had shown that profonged stimulation (24-48 h) of neonatal cardiomyocytes
with the a;-adrenergic agonist phenylephrine {PHE) and ET-1, resulis in hypertrophy
accompanied by the characteristic phenotypic changes. The culiures of 90 % pure myocyltes
could be cultured on plastics and glass, and therefore, we could study the particular
cardiomyocytic Ins(1,4,5)P;, 1,2-DAG and phosphorylation responses by means of
prelabeliing of the cells with [*H]inositol, *Hlglycerol and P, respectively. Changes in
intracellular free Ca®* concentration were assessed fivorometrically in microscopes and
spectrofluorometer using fura-2 as a calcium probe.

The activity of PLC-g following stimulation with PHE or ET-1 is regulated by cytosolic Ca?*,
as we observed in experiments in which we changed the external and internal Ca®
concentrations (Chapter 3). Total removal of external free Ca®* by addition of EGTA strongly
inhibited the ET-1 induced but not the basal PLC-8 aclivity. High external Ca®' in the
presence of calcium ionophore revealed an elevation of ET-1 and PHE stimulated PLC-2
activity, but not of basal activity. When cytosolic Ca** was increased by high external K*
concentration stimulation of the cardiomyocytes with ET-1 induced an elevated [:’I-E]InssPn
production but, unexpectediy, [:’H]InsF’n praduction after stimulation with PHE was inhibited.
Nevertheless, in saponin-permeabilized cardiomyocytes we could definitively demonstrate that
basal as well as GTPyS stimulated phospholipase C activily was aclivated by free Ca®* in the
physiologically relevant concentration range of 0.1-10 pM. It was conciluded that the
cytoplasmic free Ca?* concentration plays a feedback activating role during the receptor-
mediated PLC-# activation. In this phase of the investigation the question remained whether
Ca®* actually increased upon agonist stimulation.

To address this question whether Ca®* rises or not, the responses of the putative Ca®*
releasing messengers produced upon stimulation with either agonist were studied. Most
remarkable in these experiments is the observation that Ins(1,4,5)P,; was not detectably
elevaled after either stimulation with PHE or ET-1 in the presence of monophosphatase
inhibitor Li*, nor was its direct phosphorylation product Ins(1,3,4,5)P,. That PLC-g had been
active after stimulation with either agonist was proven by the abundant accumulation of
PH]inositolmono{4)phosphate. It appeared that in neonatal cardiomyocytes Ins(1,4,5)P, was
either rapidly dephosphorylated by 5-phosphatase (after stimulation with PHE) or directly
phosphorylated by the 3-kinase and subsequently dephosphorylated (after stimulation with
ET-1). We could not explain that after stimulation of the cardiomyocytes with ET-1 the inositol
follows a metabolic route which stightly differed from that observed after stimulation with PHE.
However, in general, these data demonstrate that the biclogically active inositolphosphates
are rapidly dephosphorylated to attenuate the agonist-induced Ca®* mobilizations which may
disturb the normat Ca®" transients intimately involved in to excitation-contraction coupling.

In contrast to Ins(1,4,5)P5, the other product of PLC-# activity, 1,2-DAG, did increase upon
stimulation with PHE or £T-1, although the time course of the 1,2-DAG response appeared
to be dependent of the agonist used. We concluded from these experiments that in neonatal
cardiomyocytes 1,2-DAG is likely to play an important role in transducing the signat activation
of PKC isozymes.

Not aill PKC isczymes need Ca® for their activation, and thus it was of interest to
investigate whether activation with PHE or ET-1 leads to a Ca®* response. The Ca?"
responses, upon stimulation with PHE or ET-1, were shown to be small and heterogenecus
among cells of the same culture. |t appeared that the agonist induced Ca®* responses could
only be measured when the Ca®* transients, elicited by the spontaneous contractions, were
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blocked by a Ca®* channel blocker {diltiazem). The observed average Ca’* responses were
small and distinct in character, respectively monophasic and biphasic after stimulation with
PHE and ET-1. Possible blockade of intraceliular Ca?* mobilization by the Ca®* antagonist
was excluded, because in the presence of diltiazem, a decrease of the external Na*
concentration resulted in a rapid and large Ca®* response. From these experiments we
concluded that the PHE and ET-1 mediated biological response (e.g. hypertrophy) in neonatal
cardiomyocytes in culture are not determined by the increass of cytosolic Ca®* concentration.

PKC is generally considered to play a key rofe in the induction of hypertrophy. The PKC
activity was assessed by protein phosphorylation, but this method does not discriminate
between the various PKC isozymes. In these assays, stimulation with either agonist did not
reveal significant changes in PKC activily, in contrast to the marked activity found after
stimulation with phorbolester (PMA). Withimmunoanalysis (Western biotting) we could assess
the involvement of different PKC isozymes. Stimulation of the cardiomyocytes with ET-1
revealed translocation of the Ca®*-independent PKC-e and not of the Ca®*-dependent PKC-a.
Stimulation with PMA. evoked translocation of both isczymes. These results agree with the
concept that 1,2-DAG, instead of Ca?*, plays the major role in the transduction of the PHE
and ET-1 elicited biological signal. Moreover, the activation of the PidIns-cycle revealed many
agonist-dependent differences. Prolein phosphorylation after stimulation with either agonist
in whole cell homogenates showed also distinction in paltern. Stimulation of the
cardiomyocytes with PHE but not ET-1 ied to phosphorylation of a 30 kDa protein, which is
likely a part of the contractile apparatus. In summary, we conclude that upon stimulation with
PHE and ET-1 the activation of the Pidins ¢ycle may be the initial onset of signalling leading
to hypertrophy and phenotypic changes of cuitured cardiomyocytes.

Finally, we have investigated the influence of altered fatty acid incorporation in the
membrane phospholipids on the activity of agonist activated PLC-8. In these experiments we
pretreated the cells with polyunsaturated fatty acids {18:2n-6 or 20:5n-3) in comparison to
monounsaturated and saturated falty acids {18:1:n-9 and 18:0, respectively). The most
remarkable results were obtained from cells pretreated with 20:5n-3. Stimulation of 20:5n-3
prelreated celis with PHE resuited in an inhibition of the PLC-g activity {(as was measured by
accumulation of total [*H]inositolphosphates ({3H31nsPn)), whereas stimutation with ET-1
evoked an increased PLC-# activity. Direct stimulation of PLC-8 by GTPyS in saponin-
permeabilized cardiomyocytes resulted in a reduced accumulation of [L’H]InsF'n only in the
20:5n-3 pretreated cells. Thus, increased incorporation of 20:5n-3 into the membrane
phospholipids may affect the transmembrane signal transduction pathway on the level of
receptor, G-protein or PLC-B. The effect of the changaed membrane phospholipid fatty acid
composition is likely not only restricted to functional but also structural aspects. The 20:5n-3
pretreated cells appeared {o be initially resistant to the permeabilizing effect of saponin.
Earlier the saponin-mediated membrane destabilizing effect was reported to be due to
clustering of membrane cholesterol. Consistent with this view is our finding that the
cholesterol/phospholipid ratio of 20:5n-3 freated cefls was 1.7 fold increased. Moreover, this
increase in membrane cholesterol balanced the high unsaturation of the membrane
phospholipids, as we observed a slight decrease in membrane fluidity of the 20:5n-3
pretreated cells. The latter data indicate that the changes in membrane dynamic and
physicochemical properiies are related to the alterations in the PHE and ET-1 induced PLC-8
response.
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SAMENVATTING

Het adrenerge systeem draagt in belangrijke mate bij aan de acute positief-inotrope, en
positief-chronotrope respons, en later optredende hart-hypertrofie bij een overbelasting van
het hart. Onder normale omstandigheden is de adrenerge inotrope en chronotrope respons
voomamelijk het gevolg van de stimulatie van g-adrenerge receptoren. Echter onder
pathologische omstandigheden neemt de bijdrage van de a,-adrenerge receptoren toe, met
name in de rol van de catecholamines in de ontwikkeling van hyperirofie van het hart. Dit
gaat gepaard met fenotypische veranderingen zoals bijvoorbeeld verlaagde expressie van
de Ca?* ATP-ase pomnp in het sarcoplasmatisch reticulum (SR) en verhoogde expressie van
de atriale natriuretische factor. Het was al ruime tijd bekend dat de #-adrenerge receptoren
In het hart, die gekoppeld zijn aan het G-eiwit-adenylaatcyclase-cAMP systeem, in aantal
afnermen onder omstandigheden waarin het hart bloot staat aan chronische belasting, Onder
dergelijke omstandigheden blijft het aantal a,-adrenerge receptoren in het hart gelijk of neemt
zeifs toe. In tegenstelling tot het S-adrenerge systeem, zijn de a;-adrenerge receptoren via
het G,-eiwit en het fosfolipase C-# (PL.C-8) gekoppeld aan de fosfatidylinositol- (Ptdins-)
cyclus. Na receptor activatie katalyseert PLC-# de hydrolyse van de membraan-gebonden
component fosfatidylinositol 4,5-bisfosfaat. Hierdoor ontstaan drie potentiéle boodschapper
molecufen:  inositol  1,4,5-trisfosfaat  (Ins(1,4,5)P,), inositel  1,3,4,5-tetrakisfosfaat
{Ins(1,3,4,5)P,) en 1,2-diacylglycero! {1,2-DAG). Van Ins(1,4,5)P, is aangetoond dat het ca?
ionen kan vrijmaken uit de intracellulaire Ca®* opslagplaatsen, zoals het SR in hartspiercellen.
De rol van het Ins(1,3,4,5)P, in het mobiliseren van Ca®" ionen in de hartspiercel is
vooralsnog grotendeels onbekend. Van 1,2-DAG is aangetoond dat het eiwit-kinase-C-{PKC-
Jisozymen kan activeren, al dan niet in samenwerking met Ca®*. De geactiveerde PKC-
isozymen vercorzaken op hun beurt weer fosforylering, en daarmee activatie of inactivatie
van verscheidene functionele eiwitten van het contractiele apparaat, ionkanalen in het
membraan en transcriptie factoren. Recent werd aangetoond dat ook andere factoren dan
catecholaminen betrokken zijn in het opwekken van hyperirofie. Eén daarvan is het
endotheline-1 (ET-1}, een peptide dat door de coronaire endotheeicellen wordt uitgescheiden.
In de hartspiercel kan het ET-1, zoals het o;-adrenerge systeem, de Ptdins-cyclus activeren
via een specifieke receptor {de ET, receplor) die gekoppeld is aan hel G,-eiwit-FLC-4.

In het begin van het onderzoek, dat is beschreven in dit proefschrifi was het
signaaloverdrachi-systeem via de Pidins-cyclus in het hart nog gedeeltslijk onbekend.
Daarnaast zijn de g,-adrenerge- en de ET-1 receptoren belden verbonden aan de Ptdins-
cyclus en betrokken bij de opwekking van hyperiofie in het hart en daarmee geassocieerde
fenotypische veranderingen. Dit gaf reden tot het bestuderen en het vergelijken van de ay-
adrenerge en ET-1-receptor-gekoppelde PtdIns-cyclus in het hart.

Fosfolipiden, aanwezig in de plasmamembraan van hartspiercellen, hebben vele functies.
Ze spelen een rol in de handhaving van de structuur van de bilaag, waarbij ze optimale
omstandigheden creéren voor de activiteit van eiwitten in de plasmamembraan. Een aantal
fosfolipiden, zoals PidIns{4,5)P,, is bovendien substraat voor hydrolylische enzymen zocals
PLC-8. Op deze manier zijn fosfolipiden van belang bij de overdracht van signalen van buiten
naar binnen de cel. Reeds eerder was aangstoond dat een verandering van de meervoudig
onverzadigde vetzuursamensteiling van de fosfolipiden in de membraan door middef van een
dieet effect had op de a,-adrenerge positief-inotrope respons van het hart.

Om de receplor-geactiveerde Ptdins-cyclus en de invioed van meervoudig onverzadigde
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vetzuren te bestuderen, werden primaire kweken van spontaan kioppende neonatale
rattehart- cellen gebruikt. Al eerder was aangetoond door onderzoekers uit ons laboratorium,
maar ook door anderen, dat na een langdurige (24-48 uur) stimulatie van deze cellen met
de a;-adrenerge agonist fenylefrine (PHE)} of ET-1, hypertrofie en de daarmee gepaard
gaande fenotypische veranderingen opgewsekt konden worden. Deze primaire kweken
bestonden voor meer dan 90 % wit hartspiercellen die bovendien konden worden gekweekt
op glas en plastic. Dit maakte het mogelijk om specifiek in de hartsplercellen de Ins(1,4,5)P,-,
1,2-DAG- en fosforylerings responsen te bestuderen, door de cellen op te laden met
respectievelijk [*Hjinositol, [*H] glycerol en ®*P,. De veranderingen in de cytoplasmatische
Ca®* concentratie werden flucrimetrisch bepaaid in een videomicroscoop en spectrofotometer,
waarbij fura-2 werd gebruikt om het Ca®" zichtbaar te maken.

De activiteit van PLC-8 als gevolg van stimulatie met PHE of ET-1 wordt gereguleerd door
cytoplasmatisch Ca?*, zoals we hebben waargenomen in de experimenten waarin we de Ca?*
concentratie buiten en binnen de cel hebben gevarieerd (hoofdstuk 3). Als de Ca®* iohen
buiten de cellen werden weggevangen dooer toevoeging van EGTA, vonden we dat de £ET-1
gestimuleerde PLC-# activiteit sterk geremd was, terwijl de basale PLC-8 activiteit niet
veranderde. Het aanbieden van esn hoge concentratie Ca®" in de aanwezigheid van gen
calcium lonofoor zorgde ervoor dat de door ET-1 en de PHE gestimuleerde PLC-g# activiteit
toenam werd terwijl ook hier de basale activiteit niet veranderde. Als we door het aanbieden
van hoge concentraties K* de cytoplasmatische Ca®* concentratie verhoogden, bleek de door
ET-1 gestimuleerde vorming van alle {*Hjinositolfosfaten ([3H]insPn) verhoogd te zijn terwijl
onverwacht de [:‘H]InsPn ophoping na sfimulatie met PHE verlaagd was. In neonatale
hartspiercellen, gepermeabiliseerd met saponine, werd de basale PLC-g activiteit, maar ook
de activiteit na directe stimulatie met GTPyS verhoogd door het aanbieden van Ca®* ionen
in de fysiologisch relevante concentratie van 0.1 tot 10 uM. We concludeerden dan ook dat
de cytoplasmatische Ca®* concentratie een terugkoppefende, activerende rol in de receptor-
gestimuleerde PLC-g activiteit speelde. Nu bleef echter de vraag of de cytoplasmatische Ca?*
concentratie ook daadwerkelijk verhoogd werd na stimuiatie met de eerder genoemde
agonisten.

Om de vraag te beantwoorden of het cytoplasmatisch Ca®* zou stijgen hebben we eerst
de responsen van de polentiéle Ca**-vrijmakende boodschapper moleculen na stimutatie met
de agonisten bestudeerd. Het meest opmerkelijke resultaat van deze experimenten is dat
Ins(1,4,5)P;, dat verondersteld wordt Ca®" ionen vrij te maken uit de opslag plaaisen, niet
aantoonbaar verhoogd werd door stimulatie met PHE of ET-1 in de aanwezigheid van de
monofosfatase remmer Li*. Evenmin konden we het directe fosforyleringsproduct van
Ins{1,4,5)P5, Ins(1,3,4,5)P, aantonen. Dat PLC-f wel degelijk actief was geweest na
stimulatie met PHE of ET-1 bleek uit de enorme toename van [°Hjinositolmono(4)fosfaat.
Blijkbaar werd in neonatale harispiercelien het gevormde Ins(1,4,5)P; ofwel zeer snel
gedefosforyleerd door het 5-fosfatase {na stimulatie met PHE) ofwel eerst gefosforyleerd door
3-kinase en daarna gedefosforyleerd (na stimulatie met ET-1). Voor het feit dat na stimutfatie
van hartspiercellen met £T-1 het metabolisme van Ins(1,4,5)P, via een ander pad verloopt
dan na stimulatie met PHE is nog geen verklaring gevonden. Maar in zijn algemeenheid
wijzen de resultaten erop dat in de hartspier een zeer snelle defosforylering van de biologisch
actieve inositolfosfaten optreedt om de door agonisten-geinduceerde Ca2*-mobilisaties af te
zwakken, die mogelijk de normale slag-op-slag Ca®*-oscillaties gedurende de excilatie-
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contractiekoppeling kunnen verstoren,

Daarentegen, steeg hetandere PLC-# produkt, 1,2-DAG, welin concentratie na stimulatie
met PHE of ET-1, hoewel het Ii;'d:sverloop van de stijging verschilde tussen PHE en ET-1. Wjj
concludeerden hieruit dat in harspiercellen de aj-adrenerge en ET-1 gemedieerde
signaaloverdracht voornamelijk verloopt via activatie van PKC-isozymen.

Omdat niet alle PKC isozymen Ca®* ionen nodig hebben voor activatie gingen we na of
stimulatie met PHE of ET-1 leidde tot een Ca®* respons. De Ca?’ responsen na stimulatie
met agonist waren maar klein en zeer helerogeen fussen de celien uit eenzelfde kweek. Het
bleek dat een agonist geinduceerde Ca?*-respons slechis meetbaar was als de slag-op-sfag
Ca”*-oscillaties, behorende bij de spontane contracties, stilgelegd werden door het gebruik
van een Ca®*-antagonist (diltiazem). De op die manier gemeten gemiddelde Ca?* respons
was klein en vertoonde een monofasisch en bifasisch karakter, respectievelijk na PHE en ET-
1 stimulatie. Mogelike blokkade van Ca®*-mobilisatie in de cel door het gebruik van een
Ca?*-antagonist werd uitgesloten omdat in de aanwezigheid van diltiazem een verlaging van
de extracellulaire Na™-concentratie een zeer grote intracellulaire Ca®*-respons veroorzaakie.
Beze resultaten wijzen erop dat de door PHE en ET-1 geinduceerde biologische respons
(bijvoorbeeld hyperirofie) in dit hartspiermodel niet direct bepaald worden door een verhoging
van de cytoplasmatische Ca**-concentratie.

PKC lijkt een sleutelrol te spelen in de inductie van hypentrofie. De activiteit van PKC
werd bepaald door meting van eiwitfosforylering, maar met deze methode kon geen
onderscheid worden gemaakt tussen de verschillende PKC-isozymen. De assays lieten na
stimutatie met PHE of ET-1 geen significante verandering in PKC-activiteit zien, in
tegenstelling tot de grote PKC-acliviteit die werd gemeten na stimulatie met een forbolester
(PMA). Door het gebruik van antilichamen gericht tegen specifieke stukken van de PKC-
isozymen (Westernblotting), kenden we wel de betrokkenheid van de verschillende PKC
isozymen bepalen. Stimulatie van de hartspiercellen met ET-1 liet een translocatie zien (wat
meestal staat voor activatie) van het Ca®*-onafhankelijke PKC-e maar niet van het Ca®*-
afhankelijke PKC-a. Stimulatie met PMA resulteerde intranslocatie van beide isozymen, Deze
resultaten steunen het concept dat 1,2-DAG, in plaats van Ca®*, de hoofdrol speelt in de
overdracht van de door PHE- en ET-1- gemediéerde biologische respons. Bovendien bestaan
er agonist-afhankelijke verschillen in het activerings-patroon van de PidIns-cyclus. Dit laatste
werd nog eens duidelijk foen de eiwit-fosforylering in totale celhomogenaten werd
bestudeerd. Na stimulatie met PHE, maar niet met ET-1, werd een 30 kDa eiwit
gefosforyleerd dat vermoedelijk onderdeelis van het contractiele systeem. Samenvattend kan
uit de bovenstaande data geconcludeerd worden dat na stimulatie met PHE of ET-1 de
aclivatie van de Ptdins-cyclus de initiéle aanzet is van het signaal dat tot hypertrofie en
fenolypische veranderingen in gekweekte hartspiercellen leidt,

Tenslotte werd de invioed van een veranderde vetzuurincorporatie in de
membraanfosfolipiden op de door agonist geacliveerde PLC-g acliviteit bestudeerd. Daartoe
werden de harispiercellen verrijkt met meervoudig onverzadigde velzuren (18:2n-6 of 20:5n-
3) ter vergelijking met monoonverzadigde (18:1n-9) en verzadigde (18:0) vetzuren. Ble meest
opmerkelijke resultaten werden verkregen bij celten die verrijkt waren met 20:5n-3. Stimulatie
van deze 20:5n-3 behandelde cellen met PHE leidde tot een verlaging van de PLC-# activiteit
(gemeten door ophoping van [3H]InsPn), terwijl stimulatie met ET-1 juist een verhoging van
de PLC-g acfiviteit te zien gaf. Door de receptor-G-eiwit-interactie te omzeilen door directe
stimulatie van PLC-# met GTPyS in met saponine gepermeabiliseerde cellen, werd alleen in
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de 20:5n-3 behandelde cellen gen verminderde ophoping van [3H}[nsPn gevonden. Een
veriijking van de membraanfosfolipiden met 20:5n-3 zou invioed hebben op de
transmembraan-signaaloverdracht op verschillende niveaus zoals het niveau van de receptor,
het G-eiwit of het PLC-8. Het effect van de veranderde vetzuursamenstelling van de
membraanfosfolipiden is waarschijnlijk niet alfeen beperkt tot functionele maar betreft ook
structurele aspecten. De met 20:5n-3 verrijkte cellen bleken initiee! beter bestand tegen de
permeabiliserende werking van saponine. Al eerder was bewezen dat het membraan-
destabiliserende effect van sapeonine wordt veroorzaakt door het "clusteren” van het
cholesterol in de plasmamembraan. In overeenstemming met dit idee is onze bevinding dat
de cholesterolffosfolipide ratic in de 20:5n-3 behandelde cellen 1,7 maal verhoogd was. Daze
stijging was blikbaar in balans met het meervoudig onverzadigde karakter van de
membraanfosfolipiden, aangezien we een verlaging van de membraanvioeibaarheid in de
20:5n-3 behandelde cellen maten., Laaist genoemde resultaten wijzen op een mogelijk
verband fussen veranderingen van dynamische en fysicochemische eigenschappen van de
mermbraan en de waargenomen effecten van 20:5n-3 op de PLC-B-response die is
geinduceerd door PHE en ET-1.

151



LIST OF PUBLICATIONS

- Lamers JMJ, De Jonge HW, Panagia V, Van Heugten HAA, 1893. Receptor-mediated signalling
pathways acting through hydrolysis of membrane phospholipids in cardiomyocytes. Cardiosci, 4, 121-
131.

- De Jonge HW, Van Heugten HAA, Bezstarosti K, Lamers JMJ, 1994, Distinct a,-adrenergic
agonist- and endothelin-1-evoked phosphoinositide cycle responses in cultured neonatal rat
cardiomyocyles. Biochem Biophys Res Commun, 203, 422-429,

- Van Heugten HAA, De Jonge HW, Bezstarosti K, Lamers JMJ, 1994, Calcium and the endothelin-
1 and a,-adrenergic stimulated phosphalidy] inositol cycle in cultured rat cardiomyocytes. J Mol Cell
Cardiol, 26, 1081-1093.

- De Jonge HW, Van Heugten HAA, Lamers JMJ, 1995. Review. Signal transduction by the
phosphatidylinositol cycle in myecardium. J Mal Gell Cardiol, 27, 93-106.

- Van Heugten HAA, De Jonge HW, Bezstarosti K, Sharma HS, Verdouw PD, Lamers JMJ, 1995.
Intracellular  signaliing and genetic reprogramming during agonistinduced hypertrophy of
cardiomyocytes. Ann NY Acad Sci, 752, 343-352,

- Lamers JMJ, Eskildsen-Helmond YEG, Resink AM, De Jonge HW, Bezstarosti K, Sharma HS,
Van Heugten HAA, 1985, Endothelin Induced phospholipase and protein kinase C signalling and
hypertrophic response in rat cardiomyocytes. J Cardiovasc Pharmacol, 26 (Suppl. 3). 8110-8103.

- De Jonge HW, Atsma DE, Van der Valk-Kokshoorn EMJ, Van Heugten HAA, Van der Laarse A,
Lamers JMJ, 1995, Alpha -adrenergic agonist and endothelin-1 induced intracellular Ca®* response
in the presence of a Ca®* entry blocker in cultured raf ventricular myocytes. Cell Calcium, 18, 515-
528,

- Van Heugten HAA, Do Jonge HW, Goedbloed MA, Bezstarosti K, Sharma HS, Verdouw PD,
Lamers JMJ, 1996, Intracellular signalling and genetic reprogramming during development of
hypertrophy in cultured cardiomyocytes. In: Heart Hypertrophy and Failure, (eds. NS Dhalla, PK
Singal, RE Beamish), Kluwer Academic Publishers, Boston, pg. 79-92.

- De Jonge HW, Dekkers DHW, Lamers JMJ, 1996. Polyunsaturated fatly acids and signalling via
phospholipase C-# and A, in myocardium. Mol Cell Biochem, in press.

- De Jonge HW, Dekkers DHW, Bastiaanse EML, Bezstarosti K, Van der Laarse A, l.amers JMJ,
1996, Eicosapentagnoic acid incarpration in membrane phospholipids medulates receplor-mediated
phospholipase C and membrane fluidity in rat ventricular myoeytes in culture. J Mol Cell Cardiol,
accepted for publication.

- Van Heugten HAA, Eskildsen-Helmond YEG, De Jonge HW, Bezstarosti K, Lamers JMJ.
Phosphoinositide-generated messengers in cardiac signal transduction. Mol Cell Biochem, accepted
for publication.

Abstracts

-Van Heugten, Bezstarosti K, Dekkers DHW, De Jonge HW, Lamers JMJ, 1991,
Phosphatidylinositol-4,5-bisphosphate hydrolysis in rat cardiomyocytes is desensitized upon
stimulation with endothelin-1; is protein kinase C invelved? Proc. 3rd international Symposium on
Lipid Metabolism in the Normoxic and ischemic Heart, sept 8-10, Rotterdam.

- De Jonge HW, Van Heugten HAA, Van der Laarse A, Lamers JMJ, 1993. Phenylephrine and
endothelin-1 mediated calcium and phosphoinesitide response in neonatal rat ventricutar myocytes.
Proc. of KNAW workshop on Cell Calcium, nov 15-17, Amsterdam.

- De Jonge HW, Van Heugten HAA, Van der Laarse A, Atsma DE, Lamers JMJ, 1984, Hormone
spacificity of phosphoinositide and calcium response in neonatal rat cardiomyocytes. A comparison
between endothelin and a;-adrenergic agonist. Proc. of the International Summer School on
Molecular Mechanisms of Transcellular Signalling: 'From the Membrane to the Gene’, island of
Spetsai, Greece, august 15-27.

- De Jonge HW, Dekkers DHW, Van Heugten HAA, Van der Laarse A, Lamers JMJ, 1995, N-3 and
n-6 fafty acid supplementation and membrane characteristics in neonataf rat cardiomyocytes. Proc.
of the sateliite symposium of the international society for heart research to the XV world congress
on Sisnal Transduction in Normal and Diseased Myccardium, june 30 and july 1.

162



DANKWOORD

Blij dat het zover gekomen is, wil ik ten slotle deze pagina benutten om diegenen te
bedanken die mij met raad en daad hebben bijgestaan in de afgelopen vier jaar en zeven
maanden.

Als eerste, natuurlijk, mijn promotor Prof. dr. J.M.J. Lamers. Jos, de drempel om bij jou
binnan te lopen was laag, en de discussies en je raad bij het oplossen en beantwoorden van
problemen heb ik zeer gewaardeerd. Het feit dat je alles {(of het nu om proeven of
manuscripten ging) altijd al "gisteren" af wilde hebben, heeft ervoor gezorgd dat het tempo
erin is gebleven en dat de artikelen geschreven zijn.

Qok mijn tweede promotor, Prof. dr. A. van der Laarse, en de {toenmalige) medewerkers
van het laboratorium Cardiobiochemie van het AZL wil ik hier bedanken, ook al is dit voor
Leidse begrippen ongebruikelijk. Door jullie inschikkelijkheid en enthousiasme zijn veelideeén
daadwerkelijk uitgevoerd en heeft ook het Leidse deel van mijn onderzoek zijn vruchten
afgeworpen.

De medewerkers van de afdeling Biochemie hebben eraan bij gedragen dat de tijd op de
afdeling voorbij is gevlogen... De vaste en fijdelijke medewerkers van lab 5 (en 7) stonden
garant voor een pretlige werksfeer. Dr. H.A.A. van Heugten dank ik voor zijn bijstand tijdens
m’'n eerste "bange” dagen als OlO, maar ook in latere perioden. Han, ik heb de serieuze en
gelukkig ook de niet-serieuze gesprekken altijd enorm gewaardeerd. Karel, Dick en Marga,
bedankt voor de vele extra handen die jullie me toe staken maar natuurlijk ook voor de
gezelligheid. En Yvonne, bedankt dat je eerst als m'n paranimf wilt "oefenen”, straks mag je
het zelf doenl De andere lot- enfof afdelingsgenoten zorgden dat er altijd wel gelachen en
gediscusigerd kon worden over "van alles en nog wat", al was het maar om de niet te
definieéren soep tijdens de lunch wat pit te geven.

Een paar imensen buiten de werkplek wil ik hier noemen, Dat zijn op de eerste plaats mijn
ouders die me altijd onvoorwaardelijk hebben gesteund en hebben aangemoedigd. Een
belofte is nu ingewilligd. Een "vellersn medaille" is ook nu weer op z'n plaats.

En Frans, m'n beste en allerliefste maatlje, je oneindige geduld, pep-talk, en de ommetjes

die we gelopen hebben, waren onmisbaar tijdens mijn "OIO-leven" en het schrijven van dit
proefschrift.

163



CURRICULUM VITAE

Jet de Jonge werd geboren te Haarlem op 29 april 1966. Achttien jaar later behaalde zij haar
diploma VWOQ-B aan het Christelijk Atheneum Adriaen Pauw te Heemstede. Een jaar
"parkeer’-studie aan de Hogere Laboratoriumschoot Rijnland te Leiderdorp volgde, terwijl in
datzelfde jaar aan de Rijksuniversiteit Leiden het tentamen scheikunde werd behaald als
aanvulling op het zeven-vakken-pakket van het VWO-B. in 1989 begon zij met de studie
biologie aan de Rijksuniversiteit Leiden, waarin zij de specialisatie-richting medische biologie
koos. In september 1989 verirok zif voor haar eerste doctoraal stage naar de Verenigde
Staten van Amerika waar zij, naast het "beagelen”, een onderzoek verrichfte in het
farmacologisch "Cancer Research"-laboratorium van Dr. Julie J. Sando aan de Universiteit
van Virginia. Onder leiding van Dr. R. Frankis werden de verschillen in de transcriptie-
factoren van de 5'ftanking regulatoire sequentie van het [L-2-gen in een “sensitive” en
"resistant" EL-4 cellijn bestudeerd. Weer terug in Nederland deed zij haar tweede doctoraal
stage aan de Rijksuniversiteit in het laboratorium van Dr. JW. Kijne van de vakgroep
Moleculaire Plantkunde. Hierbij werd o..v. Dr. P.J. Hoedemaeker geprobeerd om de
opbrengst van recombinant lecline uit £. Colf te verbeteren. Vanaf september 1991 werkle
zij als onderzoeker in opleiding aangesteld door de Nederlandse organisatie voor
Wetenschappelijk Onderzoek bij de vakgroep Biochemie aan de Erasmus Universiteit
Rotlerdam. Daar voigde zij AIO/OlO-onderwijs, begeleidde geneeskunde-studenten en een
laboratorium-stagiaire en verrichite, onder leiding van Prof. Dr, J.M.J. Lamers, het onderzoek
dat beschreven staat in dit proefschrift.

154



	SIGNAL TRANSDUCTION IN CULTURED CARDIOMYOCYTES: Alpha1-adrenergic and endothelin receptor mediated responses = SIGNAAL OVERDRACHT IN GEKWEEKTE HARTSPIERCELLEN: Alpha1-adrenerge- en endotheline receptor gemedieerde responsen
	CONTENTS
	Chapter 1 - GENERAL INTRODUCTION
	Chapter 2 - Signal transduction by the phosphatidylinositol cycle in myocardium.

De Jonge HW, Van Heugten HA, Lamers JM.

J Mol Cell Cardiol. 1995 Jan;27(1):93-106. Review.
PMID: 7760391 [PubMed - indexed for MEDLINE]
	Chapter 3 - Calcium and the endothelin-1 and alpha 1-adrenergic stimulated phosphatidylinositol cycle in cultured rat cardiomyocytes.

van Heugten HA, de Jonge HW, Bezstarosti K, Lamers JM.

J Mol Cell Cardiol. 1994 Aug;26(8):1081-93.
PMID: 7528283 [PubMed - indexed for MEDLINE]
	Chapter 4 - Distinct alpha 1-adrenergic agonist- and endothelin-1-evoked phosphoinositide cycle responses in cultured neonatal rat cardiomyocytes.

de Jonge HW, van Heugten HA, Bezstarosti K, Lamers JM.

Biochem Biophys Res Commun. 1994 Aug 30;203(1):422-9.
PMID: 8074687 [PubMed - indexed for MEDLINE]
	Chapter 5 - Alpha-adrenergic agonist and endothelin-1 induced intracellular Ca2+ response in the presence of a Ca2+ entry blocker in cultured rat ventricular myocytes.

De Jonge HW, Atsma DE, van der Valk-Kokshoorn EJ, van Heugten HA, van der Laarse A, Lamers JM.

Cell Calcium. 1995 Dec;18(6):515-25.
PMID: 8746950 [PubMed - indexed for MEDLINE]
	Chapter 6 - Polyunsaturated fatty acids and signalling via phospholipase C-beta and A2 in myocardium.

de Jonge HW, Dekkers DH, Lamers JM.

Mol Cell Biochem. 1996 Apr 12-26;157(1-2):199-210. Review.
PMID: 8739247 [PubMed - indexed for MEDLINE]
	Chapter 7 - Eicosapentaenoic acid incorporation in membrane phospholipids modulates receptor-mediated phospholipase C and membrane fluidity in rat ventricular myocytes in culture.

de Jonge HW, Dekkers DH, Bastiaanse EM, Bezstarosti K, van der Laarse A, Lamers JM.

J Mol Cell Cardiol. 1996 May;28(5):1097-108.
PMID: 8762046 [PubMed - indexed for MEDLINE]
	Chapter 8 - GENERAL DISCUSSION
	LIST OF ABBREVIATIONS
	SUMMARY
	SAMENVATTING
	LIST OF PUBLICATIONS
	DANKWOORD
	CURRICULUM VITAE

