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Chapter I

General Introduction

In vertebrates the cardiovascular system has an important function. The blood that runs
through it transports oxygen from the lungs and metabolites to the tissues and removes
carbondioxyde and catabolites. Central in this system is the myocardium that keeps the
blood circulating by its rhythmic contractions. The mass of the myocardium consists of
striated muscle tissue. Each muscle fiber, surrounded by the sarcolemma, contains
parallel running myofibrils, each of which is constituted of serially repeated units of
filaments. These form the contractile apparatus. Between the filaments lie many
mitochondria, the tubular network of the sarcoplasmic reticulum (SR) and other cell
components. A myocardial muscle fiber differs structurally from other striated muscle
fibers because it is divided - by so-called intercalated discs - into individual, bi- or
mononucleate cells. Functionally, however, the myocardium may be considered a
syncytium as the intercalated discs do not restrict the conduction of the electrical
impulse [Katz et al. 1978].

Rhythmic contraction of the myocardium is achieved by the repeating
association/dissociation of two interdigitating filaments, the proteins actin and myosin.
This association/dissociation is linked with phasic changes in cytoplasmic calcium
concentration, as depicted in Figure I.1. Calcium ions enter the cardiomyocyte due to
depolarization of the sarcolemma through voltage-dependent calcium channels and by
the operation of sodium/calcium exchange. These entering calcium ions trigger the
release of a larger quantity of calcium ions out of the intracellular stores of the
sarcoplasmic reticulum. Binding of calcium to the myofilaments allows the formation
of crossbridges between actin and myosin and thus force is generated. When the
voltage-dependent calcium and sodium channels are closed, the sarcolemma repolarizes
by increase in the potassium current. The removal of calcium occurs by reversed
sodium/calcium exchange, by ATP-driven calcium pumps present in the sarcolemma and
the sarcoplasmic reticulum and possibly by the electron transport chain driven calcium
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Figure 1.1. Regulation of calcium movements in the myocardial cell
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pump in the mitochondria [Hohnerjager 1986]. As the force and duration of contraction
are directly related to the magnitude and duration of the calcium signal the above-
mentioned calcium movements determine the contraction/ relaxation cycle. Modulation
of myocardial contraction and relaxation by extracellular signals like hormones,
neurotransmitters and drugs, is therefore basically achieved through intracellular
messengers influencing one or more of the calcium-transport systems [Chapman 1982].

L1  Transduction of extracellular signals to the calcium-regulating systems

Generally, transduction of extracellular signals to the calcium-regulating mechanisms
occurs through a cascade of reactions, the first of which is the binding of an agonist to
a membrane receptor. The receptor is coupled to a membrane-bound system that
generates a so-called "second messenger". This messenger transfers the signal to an
intracellular location where possibly a third messenger is activated. The final messenger
in the sequence often is a protein kinase that by phosphorylation affects a regulator
protein. A number of messengers that occur in the myocardium are illustrated in Figure
1.2.

Of a number of agents the pathway of action in the myocardium has been known
for some time. Others have only partly been discovered. For instance (i) phospholipid
methylation is believed to be a consequence of (B-)adrenergic stimulation [Hirata and
Axelrod 1980], however its role in further transduction of the signal is so far unknown;
(ii) tyrosine kinases have recently been found to be directly activated by insulin, and
factors like epidermal growth factor, but substrate proteins other than the receptor itself
have not yet been identified [Denton 1986; Carpenter 1987].

The hormones adrenaline, glucagon, histamine, some prostaglandins and the
sympathetic neurotransmitter noradrenaline act through stimulation or inhibition of
cyclic AMP-levels. The effects of the increase in cyclic AMP level leading to increased
intracellular calcium-concentrations in the myocardium are well known and have been
reviewed [Tada and Katz 1982; Reuter 1983; Lamers 1985; Lamers 1987; Scholz 1986].
The parasympathetic peurotransmitter acetylcholine is thought to act through
stimulation of the cyclic GMP-level [Doods ef al. 1986]. The effects of cyclic GMP were
often found to be the opposite of cyclic AMP effects but muscarinic cholinergic agonists
only sometimes reverse cyclic AMP effects [Hartzell and Fischmeister 1986; Lindemann
and Watanabe 1985]. However this may be due to a complex of adrenergic-cholinergic
interactions at various levels [Doods et al. 1986].

A messenger function of calcium itself was first discovered in excitable cells,
where it transfers the membrane depolarization signal to the secretory or contractile
apparatus. Two calcium ‘receptor’ proteins have been identified: calmodulin (CaM) and
troponin C [Rasmussen 1986a). The many regulatory actions of the first of these two
proteins in myocardial cells have been reviewed [Haiech and Demaille 1983; Lamers
1984; Lamers 1985]. However also in non-excitable cells calcium appeared to have the
function of messenger for the receptors that were therefore called 'calcium mobilizing
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Messenger n? Extracellular
Ist: sarcolemma depolarization
neurotransmitters, hormones
pharmacological agents

Intracellular
2nd: Ca™,
cyclic AMP, cyclic GMP,
diglyceride (DG), inositoltrisphosphate (IP,)
N-methylated phosphatidylethanolamines (PMME,PDME)
tyrosine kinases

3rd/4th: cyclic AMP-dependent protein kinases (PKA)
cyclic GMP-dependent protein kinase (PKG)
cyclic GMP-activated cyclic nucleotide phosphodiesterase
C aZ+
Ca*" /phospholipid-dependent protein kinase (PKC)
Ca®*-calmodulin-dependent protein kinases:
myosin light chain kinase
phosphorylase b kinase,

Target systems
Ca’*-pumping ATPases, Na’/Ca’* antiporter
Ca’*-channel, K*-channel,
sarcoplasmic reticular Ca** release channel
phospholamban, calciductin
troponin I, C-protein,
Na'/H* antiporter
glycogen synthase a/b , glycogen phosphorylase b/a,
myosin light chains

Physiological effect

Figure 1.2. Signal transducers in the myocardium

receptors’. A breakthrough in the search for the mechanism of these receptors was
achieved after Michell (1975) noted the correlation between calcium mobilizing
receptors and receptors coupled to the so-called "phospholipid effect’, the enhanced
breakdown and resynthesis of phosphatidylinositol lipids.

Among the group of calcium-mobilizing receptors, however, there are some that
are known to be present not just in non-excitable cells but also in excitable cells. So in
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the latter cell type calcium has a dual messenger role. Reports that the a,-adrenergic
receptor was coupled to calcium mobilization in several cell types [Exton 1985] seem
of particular interest with regard to their function in myocardial cells.

12  Alpha -adrenoceptors in the myocardium

Because of the predominance in the mammalian myocardium of adrenergic receptors
of one (the B-) type the simultaneous presence of a-adremergic receptors was not
revealed until specific 3-blocking agents became available [Benfey 1980]. By ligand
binding techniques it has been established that the myocardial postsynaptic a-
adrenoceptors, which mediate physiological responses, are of the a,-type. The o,
adrenoceptors are located presynaptically, where they mainly regulate neurotransmitter
release. Details of a-adrenoceptor subclassification have been reviewed by Starke
(1981).

Alpha,-adrenoceptor stimulation in the myocardium of several mammalian species
including humans {Briickner et al. 1984] leads -like B-adrenergic stimulation- to inotropic
effects triggered by enhanced slow inward calcium current. Closer investigation revealed
that the electrophysiological effects of a,-stimulation differ essentially from those of 8-
stimulation. The development of the «,-mediated inotropic effects is much slower; a;-
stimulation increases the contraction amplitude but - unlike B-stimulation - does not
reduce the ’time to peak tension’ or the ’relaxation time’; a,-stimulation activates
glycogen phosphorylase only moderately but - like B-stimulation - it inactivates glycogen
synthase, activates phosphofructokinase and increases glucose uptake [Osnes et al. 1985].
However the predominance of B,-receptors masks these effects under ’normal’
circumstances.

Lately it has become apparent that the contribution of ¢ -adrenoceptors may be
proportionally larger under various conditions of impaired B-adrenergic influence such
as hypothyroidism, diabetes, cholinergic stimulation, adenosine release and ischaemia
[Briickner et al. 1985; Osnes et al. 1985; Lee 1989]. The relevance of o,-adrenoceptors
under these conditions is on one hand that they may act as a reserve mechanism for 8-
receptors but also that they actually mediate the described arrhythmogenic effects of
catecholamines during acute myocardial ischaemia and reperfusion [Sheridan ez al. 1980;
Sharma and Corr 1985; Culling et al. 1987; Thandroyen et al. 1987]. However, the
reports that during ischaemia or postischaemic reperfusion the a,-adrenergic receptor
number increases [Mukherjee e al 1980; Corr et al. 1981; Maisel et al. 1986] are
contradicted by others [Broadley er al. 1985; Dillon et al. 1988].

I.3  The phosphoinositide cycle
Phosphatidylinositol (PI), of which in Figure 1.3 the 1-stearoyl 2-arachidonoyl molecular

species is shown, is a relatively minor lipid (10-15 % of total phospholipids) that occurs
predominantly in the cytoplasmic leaflet of the lipid bilayer of cellular membranes [Gill
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1985; Mayr 1988], including

cardiac sarcolemma [Post et o

al. 1988]. In the plasma e OH
membrane two 0\\1,/0\‘ B OH
phosphorylated derivatives i )
of PI are stepwise formed o by,

by ATP-requiring reactions. L S

Pl-kinase catalyzes the
formation of
phosphatidylinositol ~ 4-
phosphate (PI(4)P) and the
subsequent action of
PI(4)P-kinase results in the
formation of phosphatidyl-
inositol 4,5-bisphosphate (P1(4,5)P,) (Figure 1.4).  The polyphosphoinositides PI(4)P
and PI(4,5)P, account for only about 10 % of total PI lipids in membranes [Gill 1985;
Mayr 1988].

In 1953 Hokin and Hokin observed that certain hormones enhanced the
phosphorylation of PI and phosphatidic acid. Later on it was found that this
’phospholipid effect’ is secondary to the phosphodiesteratic cleavage of PI lipids by
phospholipase C (PLase C) (Figure 1.4) and that it precedes calcium mobilization.
Contrary to the earliest assumptions the precursor molecule used by PLase C to
generate second messengers is not PL. The finding that inositol 1,4,5-trisphosphate (IP,)
is the messenger responsible for the mobilization of calcium from intracellular stores
was in itself not conclusive [Berridge 1983; Streb ef al. 1983; Berridge and Irvine 1984].
But because of the combination of the facts that
(a)  the polyphosphoinositides disappeared faster than PI,

(b)  PI disappearance required energy and
(c) IP, appeared before inositol 1,4-bisphosphate (I(1,4)P, and inositol 1-

monophosphate (I{1)P)),

PI(4,5)P, seemed a likelier substrate for receptor-stimulated PLase C. The loss of PI can
be explained as a result of its phosphorylation to PI(4,5)P, [Sekar and Hokin 1986]. The
appearance of I(1,4)P, and I(1)P, can on one hand be seen as a consequence of the
degradation of IP, by phosphatases. On the other hand the IP, induced rise in
intracellular calcium enables PLase C to hydrolyze PI as well [Majerus et al. 1988]. The
PI cycle is different from the other afore-mentioned signal transduction mechanisms in
that primarily not one but (at least) two second messengers - IP, and diacylglycerol - are
generated. Therefore the assumption that secondarily hydrolysis of PI takes place, would
mean that then the emphasis of second messenger production is put on diacylglycerol
(DG).

Although DG may be a precursor for other messengers like arachidonic and
phosphatidic acid (Figure 1.4), its main function is activation of protein kinase C (PKC)

Figure I.3. The 1-stearoyl 2-arachidonoyl species of phosphatidylinositol
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Figure I4. The phosphoinositide cycle

[Nishizuka 1984]. Activated PKC firstly phosphorylates proteins that contribute to the
final response. Secondly, it is also a modulator of several receptor mechanisms including
the receptor-phosphatidylinositol pathway. The homologous and heterologous
interactions of PKC in general have been extensively reviewed [Berridge 1986;
Rasmussen 1986b; Berridge 1987]. Those in the myocardium will be detailed further
below.

Calcium and PKC appear not to be the only third messengers activated in the PI
pathway. It seems that IP, can be phosphorylated to inositol 1,3,4,5-tetrakisphosphate,
which is proposed as the messenger responsible for initiating Ca** entry from the cell
exterior [Berridge 1986; Irvine and Moor 1986; Nahorski and Batty 1986]. Its 5-
monoesterase product inositol 1,3,4-trisphosphate is less potent than IP; on intracellular
calcium stores [Mayr 1988]. The occurrence of inositol 1,3,4-phosphate in several tissues
and the presence of a calcium- and calmodulin-dependent IP, 3-kinase activity in many
other tissues suggests that this may be a universal pathway [Ryu er al. 1987].

14  Regulation of the PI cycle

Important points of regulation of the PI cycle are the activities of PI-kinase and PI(4)P-
kinase, which determine the availability of PLase C substrate. PI-kinase activity has
been shown to be present in cellular membranes of various cell types, whereas PI(4)P-
kinase activity has often been reported to be present in the plasma membrane only
[Cockeroft ef al. 1985; Hidalgo et al 1986; Rawyler et al. 1987; Carrasco et al 1988,
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Stubbs et al. 1988]. However, papers reporting its localization in cardiac sarcoplasmic
reticulum [Enyedi ef al. 1984; Jakab et al 1988] should not be ignored.
Pl-kinase activity is - as usual for a kinase - Mg**- and ATP-dependent [Hidalgo
et al. 1986; Knowles 1986] and is inhibited by mmolar Ca’* [Rana and MacDonald 1986;
Suga et al. 1986; Carrasco ef al 1988] and its product PI(4)P (0.5 nmol/mg protein)
[Stubbs er al. 1988). Pl-kinase seems to be inactivated by adenosine and -related
compounds [Doctrow and Lowenstein 1987] and has in one report been suggested to
be inactivated by cyclic AMP [Lapetina 1986], but most other reports have shown
activation by cyclic AMP-dependent phosphorylation [Enyedi et al. 1983; Sarkadi et al.
1983; Enyedi et al. 1984; De Chaffoy De Courcelles et al. 1986; Suga e al. 1986; Giraud
et al. 1988; Jakab er al 1988]. Also activation by Ca*/calmodulin-dependent kinase
[Enyedi ef al. 1984] and by PKC [Giraud et al. 1988] have been reported.
PI(4)P-kinase purified from rat brain has been described as a 100-110 kD protein
stimulated by PS [Cochet and Chambaz 1986] however by others as a 46 kD protein
[Van Dongen et al. 1986]. Generally PI(4)P-kinase activity is Mg**-dependent [Cochet
and Chambaz 1986; Hidalgo et al. 1986; Lundberg et al. 1986] and requires nmolar Ca**
[Carrasco ef al. 1988]. The enzyme is also activated by GTP analogues [Urumow and
Wieland 1986] and by its substrate PI(4)P [1 mM, Varsanyi ef al. 1986; 0.5 nmol/mg
protein, Stubbs et al. 1988] and inhibited by PI1(4,5)P, (substrate/product ratio 10 to 2)
[Lundberg er al. 1986; VanRooijen et al. 1986]. Furthermore PI(4)P-kinase is activated
by cyclic AMP-dependent phosphorylation [Enyedi ef al. 1983; Sarkadi et al 1983;
Enyedi et al. 1984; Jakab er al. 1988] and calcium/calmodulin-dependent kinase [Enyedi
et al. 1984], but not by PKC [Cochet and Chambaz 1986; Giraud et al. 1988].
Another point of regulation of the PI cycle is PLase C activity. The papers
describing the properties of a PLase C are mostly based on its PI hydrolyzing ability,
which may be entirely different from its PI1(4,5)P, hydrolyzing properties. Furthermore,
of the PI-specific PLase C there seem to be several types with different properties: e.g.
in bovine heart four isoforms were found [Low and Weglicki 1983]. In contrast no
information is available on the properties of P1(4,5)P,-specific PLase C in myocardium.
Recently the coupling of the receptor to PLase C has been shown to be a point
of regulation. In several pathways of transmembrane signalling members of a family of
guanine nucleotide-binding proteins (G proteins, previously called N proteins) serve as
transducers [Graziano and Gilman 1987] and the receptor-PLase C pathway seems to
be one of these [Cockeroft and Gomperts 1985; Smith er al. 1986; Cockeroft 1987].
Binding of GTP to a G protein (in the case of PLase C called G,;) activates PLase C
probably by reducing its calcium requirement to a physiological level [Uhing et al. 1986].
On one hand the point of regulation may be Gy, on the other hand it may also be the
receptor, because PKC is suggested to inhibit the PI cycle by phosphorylation of G,
[Orellana et al. 1987] but also of an a-adreroceptor subunit [Bouvier et al. 1987 ;Leeb-
Lundberg ef al. 1987]. The activity of PKC itself is reported to be down-regulated by
proteolysis by a plasma membrane-bound, Ca**-activated neutral protease (CANP or
calpain) [Suzuki et al. 1987; Young ef al. 1987; Kishimoto et al. 1989].
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1.5 Possible interactions between the PI cycle and other messenger systems in the
myocardium

The most obvious points of interaction between PI cycle derived messengers and other
messenger systems are common protein kinase substrates. The sarcoplasmic reticular
and sarcolemmal Ca*-regulator phospholamban has been shown to be a substrate of
Ca* /calmodulin-dependent protein kinase, cyclic AMP-dependent protein kinase and
PKC [Tada and Katz 1982; Haiech and Demaille 1983; Iwasa and Hosey 1984;
Movsesian et al. 1984; Lamers 1985; Yuan and Sen 1986}, although also a contrary
report showing no effect of PKC exists [Presti et al 1985b]. A specific sarcolemmal 15
kD protein is a common substrate for cyclic AMP-dependent protein kinase and PKC
[Presti et al. 1985a, 1985b]. Also PKC has been shown to desensitize the cyclic AMP-
coupled B(,)-adrenergic receptor by phosphorylation of a subunit [Limas and Limas
1985; Bouvier et al. 1987]. Furthermore PKC activates the Na*/H*-antiporter which may
increase intracellular calcium indirectly via the Na®/Ca’-antiporter [Hathaway and
March 1989].

Interaction between phospholipid N-methylation and the PI cycle has been
suggested at the level of PKC [Ishizaka et al. 1984; Crews and Heiman 1985; Villalba
et al. 1987], at the level of P1(4,5)P, breakdown [Pike and DeMeester 1988] perhaps also
at the level of phospholipid biosynthesis [Henry et al 1984].

The presence of PKC activity [Wise ef al. 1982a,b] and of endogenous substrates
for PKC [Presti et al. 1985b; Yuan and Sen 1986] in the myocardium indicate that a PI
cycle coupled receptor may be present in the myocardium. And indeed, among the wide
variety of calcium-mobilizing receptors that have been identified as being coupled to PI
breakdown [Sekar and Hokin 1986; Mayr 1988] the muscarinic cholinergic and «;-
adrenergic receptor are present in the myocardium. The results of Brown et al. (1983;
1985) suggested that both these receptor types were coupled to enhanced PI(4,5)P,
hydrolysis, but that the o,-adrenoceptor was the most potent. However, muscarinic
cholinergic stimulation was known to inhibit cyclic AMP formation and thus counteract
B-adrenergic effects, whereas a,-adrenergic stimulation did not.

1.6  Phosphatidylethanolamine N-methylation

Within the membrane exists, in addition to rapid PI phosphorylation turnover, a
stepwise conversion of phosphatidylethanolamine (PE) to phosphatidyicholine (PC). The
methylation of PE is one of the two pathways through which PC is synthesized. The
other, major pathway involves the transfer of phosphocholine from CDP-choline to
diacylglycerol, whereas the transmethylation pathway comprises the transfer in three
steps of methyl groups from S-adenosylmethionine (AdoMet) to the amino moiety of
a PE molecule catalyzed by two or more phospholipid N-methyltransferases (Figure LS)
[Mato and Alemany 1983].
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Figure 1.5. Phosphatidylethanolamine N-methylation

It is generally thought that the methylated phospholipids are translocated from
the cytoplasmic side of the membrane to the exterior surface, whereby the intermediate
products phosphatidyl N-monomethy! ethanolamine (PMME) and phosphatidyl N,N-
dimethyl ethanolamine (PDME) decrease membrane viscosity [Hirata and Axelrod
1980].

The liver is particularly rich in PE methyltransferase activity, probably to provide
the necessary PC molecules for bile or lipoproteins. A co-ordinated mechanism to
regulate the the PC level in the liver has been proposed [Mato and Alemany 1983). This
scheme is however not applicable to the many non-hepatic tissues in which PE
methyltransferase activity also has been found [Vance and Ridgway 1988]. Indications
that PE N-methylation may be involved in signal transduction are that inhibitors of PE
N-methylation also inhibit the responses of cells to certain stimuli and that many cell
stimuli (e.g. B-adrenergic agonists) also activate PE N-methylation [Hirata and Axelrod
1980; Mato and Alemany 1983].

In the myocardium PE N-methylation has been characterized in sarcolemmal,
mitochondrial and microsomal fractions [Panagia et al. 1984]. On the basis of kinetic
parameters, pH profile and requirement for divalent cations the existence of three
different catalytic sites has been demonstrated. Methyltransferase site I requires Mg**
, is optimal at pH 8.0 and has an apparent K, of 0.1 uM AdoMet; sites II and III have
no cation requirement; site II has a pH optimum at pH 7.0 and a K,, of 3.6 uM
AdoMet; site III has a pH optimum at pH 10.5 and a K, of 119 uM AdoMet.
Furthermore at each catalytic site one main product is formed: at site I PMME, at site
II PDME and at site IIl PC [Panagia et al. 1984, 1985].
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It has been shown in vitro that AdoMet-mediated PE N-methylation influences
several membrane-related calcium-transport systems of the cardiomyocyte. Both the
sarcoplasmic reticular and sarcolemmal Ca**-ATPase activities are activated by PE N-
methylation [Panagia et al. 1987]. In the sarcolemma Na*-dependent Ca’**-uptake is
inhibited upon methylation at sites II and III. Unaffected in methylated sarcolemmal
membranes are however Na*-induced Ca**-release and Na*/K*-ATPase activity [Panagia
et al. 1987]. Furthermore changes in PE N-methylation activity have been identified in
different experimental models of heart disease and methionine-induced PE N-
methylation has been shown to produce a positive inotropic effect in isolated perfused
rat heart [Panagia er al. 1988]. Although these findings suggest an important role for PE
N-methylation in rat heart function, the exact mechanism is still unclear. In view of the
reported changes in membrane viscosity [Hirata and Axelrod 1980] PE N-methylation
may induce small changes in the specific phospholipid microdomains of membrane
proteins such as enzymes and receptors, and thereby modify their function. This
proposed way of action, however, could apply to PI turnover as well, because this
process also induces small, local changes in the phospholipid environment of membrane
proteins. Apart from the above-mentioned interactions between PE N-methylation and
PI turnover mo information is available about the direct interactions of these
phospholipid signailing processes.

1.7 Possible involvement of polyunsaturated fatty acids in transmembrane signalling

The polyunsaturated fatty acid composition of membrane phospholipids reflects the
composition of the diet, although not strictly {Takin e al. 1981; Stubbs and Smith 1984;
Lands 1986]. The fatty acyl composition of membranes is regulated by enzymes within
the endoplasmatic reticulum, the mitochondria, sarcoplasmic reticulum and sarcolemma.
There is also competition between fatty acyl moieties for the incorporation into
phospholipid molecules during de novo synthesis in the endoplasmic reticulum or during
reacylation processes within the organelles and the sarcolemmal membrane. For
example dietary n-6 polunsaturated fatty acids (PUFAs) are metabolically competitive
with n-3 PUFAs [Fragiskos et al. 1986]. The oxidative desaturation of 18:2n-6 is
inhibited by n-3 PUFAs. N-3 PUFAs of C20 and C22 chain length compete powerfully
for the 5-desaturase with C20 n-6 fatty acids [Takin e al. 1981; Stubbs and Smith 1984].
Besides these competitive phenomena at the level of fatty acid synthesis,
lysophospholipid formation followed by reacylation, tramsacylation and head group
exchange all play an important role in the dietary fatty acid-induced adjustment of
membrane fatty acyl group composition (Figure 1.6). It has also been shown that in the
myocardium adjustment of membrane fatty acyl incorporation, particularly in the n-3
PUFAs at the expense of 18:2n-6, occurs after -chronic noradrenaline stress in rats
[Montfoort et al. 1986]. It is not clear at present, whether this adjustment is caused by
stimulation of myocardial a,- or B-adrenergic receptors.
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Figure L6. The influence of dietary fatty acids on tissue fatty acyl group composition

All the comsequences of extensive alterations in the phospholipid fatty acid
composition for specific functions of the heart membrane, are not clear at present. It
is generally assumed that the selectivities of the many enzymatic and transport functions
of membrane depend mainly on the structural complexity of the protein molecules and
that the phospholipids only have a supporting role. That this is a serious
underestimation of the role of phospholipids is proven by the following facts. Firstly, the
fluidity of the membrane core which probably affects agonist-receptor interaction and
other membrane-linked processes, is partially determined by its PUFA composition
[Farias et al 1975]. Secondly, 20:4n-6 and 20:5n-3 generated from membrane
phospholipids by (receptor-activated) phospholipase A,, are enzymatically converted into
eicosanoids (prostaglandins and leukotrienes). The major actions of eicosanoids on
myocardial function are that coronary perfusion and the activity of blood-borne cells
like platelets and leukocytes, are modified. A potent stimulus for local eicosanoid
production and release is regional ischaemia and some eicosanoids appear to have close
relations to pathophysiological events typical for myocardial ischaemia [Schror 1985].
Thirdly, enzymes with a phospholipid substrate, especially the receptor-mediated PLase
C, may have preference for a particular molecular species of phospholipid. Furthermore,
in the case of PLase C, the PUFA composition of the diglyceride formed is critical for
its potency to activate PKC [Takai et al. 1979; Kishimoto et al. 1980]. So, in conclusion,
from a biochemical point of view it is apparent that phospholipid fatty acid composition
can modulate certain processes.

Physiological consequences of altered myocardial phospholipid fatty acid
composition have been reviewed recently [Lamers 1987]. With regard to its role in
transmembrane signalling, however, reports of altered responses to catecholamines are
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of main interest [Gudbjarnason et al. 1978; Crandall et al. 1982; Benediktsdottir and
Gudbjarnason 1986; Montfoort et al. 1986]. Most of these reports involve noradrenaline-
mediated effects. That changes in phospholipid fatty acid composition also affect the
response to a,-adrenergic receptor stimulation has recently been reported by Reibel et
al. (1988). However whether changes in PI turnover are implicated in the altered o, -
adrenergic response first had to be established.

1.8  The scope of this thesis

With regard to the present knowledge about a,-adrenergic influences on heart function
and changes seen in some pathophysiological states of the myocardium, as presented
above, more detailed knowledge was required on the biochemical mechanism involved
in the development of the cardiac a;-adrenergic response. Based on the fact that this
mechanism somehow involves changes in the intracellular calcium concentration and on
the results of Uchida et al. (1982) and Brown et al (1985) the possibility that a-
adrenergic receptors are coupled to the PI cycle seemed very likely.

A lot of consideration and efforts were given to find and develop the most
suitable model in which «;-adrenoceptor mediated PI turnover in myocardial cells could
be investigated. The considerations are detailed in Chapter II. The model finally chosen
was that of cultured neonatal rat cardiomyocytes. A modified procedure was set up to
yield an almost homogenous cardiomyocyte preparation. In this model it was attempted
to characterize the biochemical response to a,-adrenoceptor stimulation as enhancement
of PI turnover (Chapter III).

The development of the o,-adrenoceptor stimulated PI response and the
possibility of (feedback) inhibition by PKC activation were studied next (Chapter IV).
This study was carried out in view of reports that show an increased number of «;-
receptors in myocardial ischaemia. Intracellular messengers regulating the receptor
activity were not taken into account in those reports [e.g. Corr ef al. 1981]

The observation of phorbol ester modulation of o,-adrenergic PI(4,5)P, hydrolysis
brought us to investigate a cell free system, isolated microsomal membranes, in which
the PLase C, endogenous PKC and substrate proteins for PKC could be detected and
separately activated. The results of this study are described in Chapter V.

The phospholipid environment of the o-adrenergic receptor, the
phosphoinositides, PLase C etc, may influence the Pl-response. As an example the
interactions between phospholipid methylation, a process that slightly changes the
phospholipid environment, and the o,-adrenergic receptor stimulated PI(4,5)P,
breakdown were investigated (Chapter VI). Furthermore the phospholipid molecular
species were changed by inducing incorporation of specific polyunsaturated fatty acids
into the phospholipids of the cultured cells. The results of the study of «,-adrenoceptor
stimulated PI breakdown in these cells are described in
Chapter VIL
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Chapter 11

Heart Cell Culture

IL1 Models for the biochemical investigation of the myocardium

One of the main purposes of our investigations was to study a,-adrenoceptor mediated
phosphatidylinositol turnover in rat cardiomyocytes. For accurate analysis of this process
in the cardiac muscle cell the following three conditions had to be fulfilled. Firstly, any
contribution of non-myocytes (e.g. vascular smooth muscle cells, fibroblasts, endothelial
cells) must be negligible. Secondly, the presence and operation of specific receptors
must be comparable to the in vivo status. Finally, the accessibility of the cardiomyocyte
for adrenergic agonists and of the myocyte (poly)phosphoinositide pool for radiolabelling
with [®P-]PO, or PH-Jmyoinositol must be adequate.

The Langendorff model of isolated perfused rat heart is often used for biochemical
studies of the myocyte but this model has some drawbacks with respect to the afore-
mentioned conditions: in the adult rat heart the number of cells of other types than myocytes
is 75-80% [Claycomb and Palazzo 1980]. Furthermore, most of the non-myocytes provide
a barrier between the perfusion fluid and the cardiomyocytes. The latter argument also
goes against the use of bathed pieces of myocardial tissue, whereas freshly isolated heart
cells appear to be unstable with regard to their membrane properties [Jacobson and Piper
1986].

A possibility that meets the requirements of cell homogeneity, stability and accessibility
is the application of heart cell culture [Wollenberger 1985]. At present, there are three
models of cultured isolated cardiomyocytes: two models of adult heart cells and one of
immature heart cells. In all three models the cells are separated by proteolytic digestion
of heart tissue as described by Harary and Farley (1960). These authors were the first
to present a culture model for beating heart cells which were obtained from newborn
rats. The neonatal rat cardiomyocytes have a rounded, unorganized shape just after isolation
but as soon as they are attached to the substratum they start to form pseudopod-like
extensions and to flatten. Within 48 hours of culture they are well differentiated [Moses
and Kasten 1979]. Then beating can be observed but single cells do not always show rhythmic
contractions. Ounly if the cells are grown to a confluent monolayer does the whole cell
population beat in synchrony [Cedergren and Harary 1964a).

A problem encountered with isolated adult rat cardiomyocytes is their subsequent
intolerance to physiological concentrations of calcium. More recently this problem appears
to have been surmounted by many investigators. Farmer et al. (1983) provided a review.
The first model of adult rat heart cell culture, described by Jacobson in 1977, contains
many cardiomyocytes that keep beating spontaneously although only until all the cells -

after some days - have gradually changed from the initial rod-like shape to a spheroidal
shape and finally have become flattened. This model provides a long-term culture system.
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Jacobson and Piper (1986) call it - for obvious reasons - the redifferentiated model. Opposite
this they set the second type of adult rat heart cell culture which they call the rapid-
attachment model, because the isolated cardiomyocytes are induced to adhere rapidly
to the substratum [Piper et al. 1985c]. The cells in this model show no spontaneous
contractions and remain stable for up to one week, thereby decreasing in number. If these
cells are cultured for more than one week they start showing the same morphological
changes as cells of the redifferentiated model [Jacobson and Piper 1986; Bugaisky and
Zak 1989].

1.1  Heart cell cultures compared with in vivo cardiomyocytes

Regarding the characteristics superficially, a culture of adult rat cardiomyocytes may seem
to approachinvivo cardiomyocytes more accurately. However, although cultured neonatal
rat cardiomyocytes may have an external shape that differs from adult rat cardiomyocytes
in vivo, they do not differ very much from adult rat cardiomyocytes in culture. Only their
ultrastructure is different because it is still under construction, as is witnessed by the presence
of different developmental stages of mitochondria, of myofilaments parallelled by polysomes
[Cedergren and Harary 1964a and b] and of rudimentary T-tubules [Moses and Kasten
1979]. On the other hand, the presence of intercalated discs can be observed between
neighbouring cells [Cedergren and Harary 1964b; Moses and Kasten, 1979] and the fact
that cells connected by these specialized membrane-contacts beat synchronously, suggests
that functional gap junctions are also present. Furthermore both the redifferentiated and
the rapid-attachment model show discrepancies too.

Cells in the redifferentiated model are externally different from cardiomyocytes in vivo
[Jacobson 1977; Claycomb 1985] and ultrastructurally some differences exist as well. During
their de-differentiation the cultured adult rat cells lose most of their T-system, which
in some preparations is reconstructed during the re-differentiation period [Moses and
Claycomb 1982] but in others remains completely absent [Nag and Cheng 1981]. Moses
& Claycomb (1982) furthermore report the presence of 'residual bodies’ or ’lipofuscin
granules’ in their adult rat cultured cardiomyocytes. For this phenomenon they can find
no equivalent in vivo other than in the aged myocardium. The occurrence of these granules
may therefore be a symptom of deterioration of the cells and - as the authors themselves
suggest - be a consequence of proteolytic damage during dissociation. A third dissimilarity
is the fact that cultured adult rat myocytes again start DNA replication, a feature absent
in cardiomyocytes in vivo after neonatal development [Claycomb and Bradshaw 1983;
Nag and Cheng 1986b]. A fourth point is that long-term cultured adult rat ventricular
cells contain predominantly myosin isozyme V, which is the embryonic type [Nag and
Cheng 1986a].

Cells in the rapid-attachment model do not have the differences mentioned above for
the redifferentiated model and are externally and ultrastructurally almost analogous to
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in vivo cardiomyocytes. However the cells in this model are at rest and do not contract
unless electrically stimulated. Therefore their electrophysiology and metabolic activity
differ from those of beating in vivo cardiomyocytes, but appear to be comparable to
cardiomyocytes in diastolic rest [Jacobson and Piper 1986]. This means that their metabolic
activity is about 10 to 20% of beating cardiomyocytes in an animal at rest and anaesthesized
and about 2% of cells in a heart under maximal work load and metabolic stimulation
provided e.g. by catecholamines [Kammermeier and Rose 1988].  The fact that adult
rat cardiomyocytes are usually cultured dispersed, causes an ultrastructural difference
from in vivo adult rat cardiomyocytes in both adult models. The cells contain neither
intercalated discs nor gap junctions unless the isolation from other cardiomyocytes has
not been complete. The lack of cell-to-cell interactions may explain the absence in single
cultured cardiomyocytes of irreversible damage that can be induced in isolated (perfused)
myocardium by the calcium and oxygen paradox [McDonough and Spitzer 1983; Piper
et al. 1984; Schwartz er al. 1984; Piper ef al. 1985a; Piper et al. 1985b; Stern et al. 1985].
In the model of neonatal rat cardiomyocytes, where cells are usually grown to a confluent
monolayer, damage by the oxygen paradox has been reported [Van der Laarse et al. 1985;
Vemuri ef al. 1985]. The calcium paradox can be indeed observed in this type of cell
[Acosta et al. 1983] although - based on findings with perfused hearts of young (up to
11 days old) rats - calcium overload and enzyme leakage seem to be bad indicators of
irreversible cell damage in neonatal rat cardiomyocytes [Elz and Nayler 1987].

In summary, once in culture, cells in the redifferentiated model are not very distinct from
neonatal rat cardiomyocytes. The rapid-attachment model of non-contracting adult rat
cardiomyocytes seems disadvantageous for the investigation of intracellular reactions which
are at the basis of contractile changes following o,-adrenergic stimulation. Additionally,
the preparation of neonatal rat cardiomyocytes offers the most practical advantages as,
in comparison, isolated adult rat cardiomyocytes remain vulnerable. Firstly, they are far
more intolerant to treatments like sedimentation, stirring and triturating. Secondly, any
chemical factor unsuspectedly present in the gaseous, fluid or solid culture materials disturbs
them [Jacobson 1985]. Furthermore, as Jacobson and Piper (1986) state clearly:
"experience with cultured adult cardiomyocytes is in a nascent state". Therefore, no adult
rat preparation has been fully defined as to its electro-physiological and metabolic properties,
whereas substantial information about cultured neonatal rat cardiomyocytes exists.

1.2 Properties of cultured neonatal rat cardiomyocytes

One of the conditions mentioned at the beginning of this chapter concerning the analysis
of ¢;-adrenoceptor mediated phosphatidylinositol 4,5-bisphosphate (PI(4,5)P,) breakdown
has not sufficiently been settled yet. It should be ascertained that the cardiomyocytes
in the used culture contain adrenergic receptors and that those are functionally the same
as in adult rat cardiomyocytes. The work of Ettaiche et al. (1985), based on frequency
responses, indicated that neonatal rat cardiomyocytes posses (i) functional 3,- and B,
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adrenoceptors, the response to B-agonists being mainly mediated by the B,-type and (ii)
functional o,-adrenoceptors, with less chronotropicinfluence than 8-adrenoceptors. There
were no functionally detectable a,adrenoceptors. The findings of Variot et al. (1987)
indicated the absence of functional muscarinic receptors and any possible cyclic-
AMP/cyclic-GMP antagonism in these cells. The results of Marvin et al. (1984),
investigating the influence of neurons of various origin in coculture with ventricular muscle
cells, confirm these findings.

In Table II.1 an overview of a-adrenoceptor radioligand binding studies in rat
myocardium is given. The K, and B,.,, of cultured neonatal rat cardiomyocytes correspond
very well with those of other preparations.

The metabolic properties of cultured neonatal rat cardiomyocytes have been
extensively studied. Fatty acid metabolism was investigated by the group of Harary in
the 1960’s. The response of cultured heart cells to serum in the growth medium has been
reported by Frelin et al. (1974) and Grynberg ef al. (1986). Glucose metabolism and amino

Table IL1. & Adrenoceptor binding characteristics in rat myocardium®

Radioligand® Preparation’ Ky’ Boa Reference
FH-JDHE adult m 1.60 33 Williams 1981
[’H-]prazosin " 0.10 36 " "
" " 0.087 N.RE Stiles 1983
! " 5.84 167 Mukhberjee 1983
" " 0.16 111 Colucci 1984
FH-IDHE 0.92 43 Wei 1979
[“I-]IBE2254" NR. 88 Bristow 1988
[H]prazosin " 0.076 70 Buxton 1986
" adult ic 0.084 70 ! "
" aduit ic m 0.087 88 " "
" adult ph 0.41 88 Edwards 1988
" adult ph h 1.10 43 " "
" adult ph SL 0.10 300 " "
" slices 055 45° Muntz 1985
" adult ic 0.156 77 Skomedal 1984
[®I-JHEAT fetal m 0.24 108 Schaffer 1986
[*I-]IBE2254 neonatal cc 0.324 60 Kupfer 1982
[*I-JHEAT neonatal m 0.23 91 Schaffer 1986
[*“I-JHEAT 6-day old m 0.15 112 "o
25-day old m 0.23 80 " "
" 42-day old m 0.24 57 " "
" adult m 021 53 ! "
" 2 year old m 0.23 50 ! "

*Expressed in "nM; fmol/mg protein; “grains per mm?
‘DHE = dihydroergocryptine; IBE 2254 = I-HEAT = I-2-(8-hydroxyphenyl) ethylaminomethyl
tetralone
‘m = membrane; ic = isolated cells; ph = perfused heart;
h = homogenate; SL = sarcolemma; cc = cultured cells;
EN.R. = not recorded.
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acid metabolism have been described by Frelin et al. (1976, 1980). The glucose uptake
of cultured cardiomyocytes was 10 to 20 times higher than had been reported for in vivo
cells and led at first to excretion of lactate into the medium, which was later utilized
again. The essential amino acids provided by the medium were also extensively used by
the cultured cells, whereas glycine, proline and high amounts of alanine, all synthesized
de novo, were released. In both these metabolic aspects cultured cardiomyocytes do not
behave like in vivo cells and therefore should not be considered a homeostatic system.

Phospholipid headgroup composition and phospholipid fatty acid composition of
cultured cells have been described by Rogers (1974) and the latter also by Grynberg et
al. (1986), and only minor differences from in vivo rat heart were noted. Phospholipid
headgroup composition of only the sarcolemma and the distribution of the phospholipid
classes between the outer and inner layer of the sarcolemrnal lipid bilayer have recently
been described by Post et al. (1988a, 1988b). Compared with adult rat heart sarcolemma
[Singal et al. 1980], sarcolemma from cultured neonatal rat cardiomyocytes contained
(in %-age of total) more phosphatidylcholine. Furthermore, all of PI and PS, both negatively
charged phospholipids, and most of PE appeared to be located in the inner layer (cytoplasmic
side) of the sarcolemma.

Also recently, by employing in sifu hybridization, cultured neonatal and isolated
adult rat cardiomyocytes have been shown identical in the expression of the mRNA for
collagen type IV, a component of the basement membrane. The mRNAs for collagen
type I an III, both major constituants of the heart extracellular matrix, were abundant
in fibroblasts but not present in cardiomyocytes [Eghbali er al. 1989].

I1.2  Preparation of cultured neonatal rat ventricular myocytes
2.1 Methods to reduce the number of non-myocytes

The neonatal rat heart contains by volume 80% myocytes and 209% non-muscle cells,
mostly fibroblasts and also endothelial, smooth muscle and blood cells. Neonatal rat
cardiomyocytes divide once or twice and have a proliferative cycle of 60 hr, whereas
fibroblasts proliferate incessantly every 20 hr. Therefore precautions have to be taken
to avoid that fibroblasts overgrow the myocytes. In our study the following methods were
applied to reduce the number of non-muscle cells in the cardiomyocyte culture. Firstly,
after incision of the rat body only the lower, ventricular part of the protruding heart was
taken. This part is comparatively richer in muscle cells. Secondly, the first two trypsinization
suspensions were discarded as those contain mainly cells from the blood vessels and
endothelium. Thirdly, the cell suspension was replated twice. The replating method is
based on the fact that fibroblasts adhere much more rapidly to the substratum than myocytes
do [Blondel et al. 1971]. Fourthly, cells were plated in such a high density that there is
not enough space for fibroblasts to proliferate. The maximum growth density of the cells
is about 1.8 x 10° cells per 35 mm (diameter) dish so 1800 cells/mm’ [Yagev ef al. 1984].
Millart and Seraydarian (1986) report an average of 419 cells/mm?’ as high density but
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they must have mixed up the diameter with radius in their calculations.

The success of this procedure was checked microscopically. The periodic acid-
Schiff (PAS) staining method was applied to distinguish myocytes. The proportion of
myocytes, visible as cells containing stained glycogen granules, increased after each replating
step.

A more detailed preparation procedure is given below.

2.2 Special materials

- Ham F10 culture medium, powder; Special without Ca®*, Mg*, phosphates,
inositol (Gibco, Scotland, UK)

- Horse serum (Boehringer, Mannheim, FRG)

- Fetal Calf Serum (Boehringer, Mannheim, FRG)

- streptomycin-penicillin (Boehringer, Mannheim, FRG)

- trypsin type III (Sigma, USA)

- 60 ml syringe

- MILLEX-GYV sterilising filter unit (0.22 pm, SLGV 025 BS, Millipore, Molsheim,
France)

- sterilized serum bottles

- sterilized Erlenmeyer flask with screw cap (Wheaton, USA)

- sterilized glass petridish (35 mm diam.)

- sterilized 25 ml incubation flask with two side arms, jacketed and containing a
magnetic bar attached to the stopper (US patent #3.572.651, Wheaton, USA)

- sterilized nylon gauze

- sterilized funnel or pair of teflon rings to hold nylon gauze

- sterile plastic 10 ml pipettes ("Stripettes", Costar, Cambridge MA, USA)

- sterile plastic conical centrifuge tubes + caps, 50 ml (Greiner, Niirtingen, FRG)

- sterile plastic petridishes 35/10 mm (Greiner, Niirtingen, FRG)

- sterile plastic culture flasks, 250 ml (Costar, Cambridge MA, USA)

- a small forceps and a small pair of scissors

- a large pair of scissors

- 2 to 4 day old rats (Wistar), 20-40 animals each time

2.3 Preparation of complete growth medium

The Ham F10 Special powder was dissolved in distilled or Millipore filtered water (9.46
g/1). To this were added 144.28 mg/1 CaCl, (anhydr.), 83 mg/l KH,PO, (anhydr.), 152.8
mg,/1 MgSO,.7H,0, 195.8 mg/1 Na,HPO,.2H,0, 0.541 mg/] myo-inositol, 0.715 mg/1 D-
CaPantothenate, 200 mg/! streptomycin, 20.000 Units/l penicillin. This was stirred for
some time to get a homogeneous solution and finally 1200 mg/! NaHCO, was added.

After stirring again the Ham’s solution was sterilized over a combination of 0.22
pm + 0.60 pm Millipore filters into sterilized serum bottles. For small amounts a 60
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ml syringe and a Millex-V 0.22 pm filter were used. The Ham’s solution was stored at -
20 °C until first use. Before use the Ham’s, Horse Serum (HS) and Fetal Calf Serum
(FCS) were thawed and complete growth medium was constituted out of 80% Ham’s,
10% HS and 10% FCS. This was kept at 0-4°C for maximally 2-3 months.

2.4 Preparation of trypsinization medium

Most proteolytic enzymes are inhibited by Ca**, Mg** and proteins. The trypsinization
medium was therefore prepared freshly before each isolation without serum as follows.
Ham F10 Special powder (946 mg/100 ml) was dissolved in distilled and Millipore filtered
water. Added were 8.3 mg/100 ml KH,PO, (anhydr.), 19.58 mg/100 m! Na,HPO,2H,0,
0.054 mg/100 ml myo-inositol, 0.072 mg/100 ml D-CaPantothenate and 120 mg/100 ml
NaHCO,. A few ml of this special medium was used for mincing and washing the hearts.
The rest was used to dissolve 0.1% (w/v) trypsin (+ 100 mg) later. The 60 ml syringe
and a Millipore filter unit were applied to sterilize and transfer the trypsin solution
into a sterilized Erlenmeyer.

2.5  Isolation procedure

The whole isolation procedure was carried out under sterile conditions in a flow cabinet.
The working space in the flow cabinet was covered with aluminum foil. Some paper tissue
was put on top of that in the corner used for decapitating the rats. The incubation flask,
standing on a magnetic stirrer, was connected to a thermostated bath outside the flow
cabinet and the temperature was set to 32-35°C. The small forceps and scissors were
put in a 25 ml glass beaker filled with 70% ethanol. The syringe was filled with a few
ml of the Ca®* /Mg**-free medium and emptied through a sterile filter unit into the sterilized
petridish. The dish was kept covered most of the time.

About 10 rats were killed by decapitation with the large scissors and then put on
the tissue. One by one, each body was sterilized by submerging the dead animal, held
by the tail, in 70% ethanol in a 50 ml beaker. The body was put on the aluminum foil
so the skin could be clasped dorsally and the skin ventrally stretched. The small scissors
were used to make a small cut in the chest just below where the heart should be. When
the heart protruded from the cut, the ventricular part was taken off with the small forceps
and put in the petridish. When the hearts of all 10 decapitated rats had been taken the
next group of 10 was killed, and so on until all hearts had been collected.

Next the hearts were rinsed with a few ml of sterilized Ca®/Mg**-free medium
and cut to small fragments (1 to 2 mm®) with scissors. The syringe was used to sterilize
the trypsinization medium which was subsequently kept in a sterilized Erlenmeyer flask.
A few drops were added to the minced hearts upon which the fragments started to clot
thus making further mincing possible. The tissue fragments were incubated in about 10
ml trypsinization medium in the incubation flask (32-35°C) at a stirring velocity of 100-
200 rpm. After 10-15 min stirring was stopped and the fragments were allowed to settle
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before the supernatant fluid was poured off and fresh trypsinization medium was added
to the fragments.

The first and second trypsinization fractions were discarded because these contain
mainly cell debris, red blood cells, pericardial and endothelial cells. The next trypsinization
fractions were poured into a sterile conical tube that already contained a few ml complete
growth medium to inactivate the trypsin. Thus the stepwise trypsinization prevented that
already dissociated cells were further affected by the proteolysis.

After having collected all the supernatants from the successive trypsinization periods,
the cells were pelleted by centrifugation at 300 x g for 15 minutes. The supernatant was
replaced by complete growth medium and the cell pellet was resuspended. The contents
of all the conical tubes were poured over a sterile gauze to exclude lumps into one sterile
culture flask. The flask was allowed to stay in the incubator (37°C, 5% CO,, 90%
humidity) for 30 minutes. Then it was taken out and shaken to loosen the unattached
cells. The suspension was transferred to another culture flask and allowed to stay in the
incubator for 1.5 to 2 hours. Most of the non-muscular cells were by then attached to
the culture flask, while gently shaking resulted in a pure myoblast suspension. A sample
was taken from this suspension for counting - in a haemocytometer - round, smooth and
birefringent cells. Complete growth medium was added until the suspension had a
concentration of about 9 x 10° cells/ml. Finally seeding was carried out by pipetting 2ml
suspension into each plastic petridish. Cells were distributed evenly over the bottom by
pushing the dishes back-and-forth and left-to-right, avoiding whirling.

After 24 to 36 hours in the incubator (37°C, 5% CO,, 90% humidity) a confluent
monolayer of beating cardiomyocytes had come about. The medium was changed every
48 hours after seeding. Because medium components and serum factors induce a change
in cell metabolism, experiments were done no sooner than 12 and no later than 36 hours
after a change of medium, when the cells were in a steady state.

I1.3  Experimental use of neonatal rat cardiomyocytes

In the following chapters our studies on phospholipid signalling processes are described
that were carried out with cultures of neonatal rat cardiomyocytes prepared as detailed
above. Various pretreatments of the myocytes in serum-containing or serum-free medium
had to be worked out in order to study (i) the a-adrenoceptor stimulated PI(4,5)P,
breakdown itself, (ii) in a cell-free system, the enzymes involved and (iii) the influence
of alterations of the phospholipid bilayer on the transduction process.

Prelabelling of the (poly)phosphoinositide pool for the study of the rate of PI(4,5)P,
hydrolysis, was performed by incubating the cells in a modified Krebs-Henseleit buffer
containing *H-myoinositol for 2 hours. The period of 2 hours appeared sufficient for
prelabelling, which probably means that inositol diffuses unlimitedly across the myocardial
sarcolemmal membrane. In several experiments longer periods (up to 24 hours) of
preincubation with *H-myoinositol were used but the time course of inositol phosphate
formation found was similar. At any rate this indicated that steady state labelling of
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polyphospho-inositides was not essential to estimate the rate of PI(4,5)P, breakdown.

The cultured myocytes were also homogenized for the preparation of a sarcolemma-
enriched membrane fraction. The main purpose was to study the characterization of the
endogenous GTP-sensitive PI(4,5)P,-PLase C and the endogenous PKC and its substrate
proteins. Prior to this study a few trials were done with a sarcolemma preparation that
was isolated by a high-velocity stream of nitrogen, as described by Langer et al. (1978).
Samples of this sarcolemma-enriched membrane preparation were kindly supplied by
Dr. J.A. Post and coworkers, who have characterized the phospholipid bilayer properties
[Post et al. 1988a,b]. However, for the purpose of studying PI(4,5)P,-PLase C and PKC,
this preparation was not suitable, because of the lability of both membrane-bound enzymes.
Furthermore, the yield was so low that the commercially available *H-PI(4,5)P, did not
have a specific radioactivity that was high enough to estimate the PI(4,5)P-PLase C activity
accurately in small quantities of membrane fragments.

For the measurement of the rate of PE N-methylation no long-term prelabelling
of the intracellular S-adenosyl-methionine pool with *H-methionine was required. The
pools of methionine and S-adenosyl-methionine in the cell rapidly equilibrate with
extracellular *H-methionine and the rates of PE N-methylation appeared to be so fast
that actually the experiments were done at or close to steady-state labelling of *H-
methylated PE-lipids. For measurement of the initial rate of PE N-methylation (within
30 sec after addition of *H-methionine) the used setup appeared not convenient because
of the time necessary for taking the dish with cells to and from the incubator and for
rinsing the cells before stopping the reaction.

In the final series of experiments the cells were exposed to different albumin-
bound PUFAs in order to accomplish significant incorporation of these PUFAs into the
cellular phospholipids. For this purpose cells were preincubated for 24 hours with growth
medium prepared with foetal calf serum to which previously 20:5n-3 or 18:2n-6 had been
added. No trials were done to reach changes in membrane PUFAs by replacing or
supplementing whole lipoprotein particles because in culture the uptake of fatty acids
from these sources has been shown to be much slower.
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Chapter IIT

Alpha-1-adrenergic Stimulation of Phosphoinositide Breakdown
in Cultured Neonatal Rat Ventricular Myocytes

Johanna T.A. Meij and Jos M.J. Lamers (1989) Mol Cell Biochem 88: 73-75.

Summary

The regulation of and the intracellular events following ¢,-adrenergic receptor stimulation in the myocardium
still remain to be disclosed. The effect of a,-adrenergic stimulation on phosphoinositide breakdown was
studied in cultured neonatal rat ventricular myocytes. Phenylephrine (30 M) stimulated inositolphosphates
formation, but only in the presence of 10 mM LiCl this could be measured. The increase was antagonized
by prazosin (1 M) but not by propranolol (1 4M). The variability in proportional distribution of the three
inositolphosphates is discussed.

Introduction

In ventricular myocardium both - and B-adrenergic agonists provoke an increase of
slow inward calcium current and enhance the contractile force [1,2]. However qualitative
and quantitative differences between the responses of the heart to o,-agonists and 8-
agonists are prominent. The well-known mechanism underlying 3-adrenoceptor stimulation -
activation of adenylate cyclase followed by cyclic AMP-dependent protein phosphorylation -
does not seem to apply to a,-adrenoceptors.

Inisolated rat ventricles [3], papillary muscle [4] and adult cardiomyocytes [5] stimulation
of a,-adrenoceptors was reported to enhance phosphoinositide breakdown. Although in
these preparations the PI cycle of other cell types could have contributed, myocardial
a,-adrenergic receptors may be coupled to a phospholipase C which upon activation
hydrolyses PIP, into IP, and DG. IP, is thought to mobilize

Ca’®, from intracellular stores [6,7] and DG is an activator of PKC [8].

In our study of o,-adrenergic stimulation we used primary cultures of neonatal rat ventricular
myocytes. Our preparation contained a near to homogeneous population of spontaneously
beating cardiac muscle cells. The activity of PI-phospholipase C was measured as the
acculmulation of IP, and its breakdown products IP, and IP,. Dephosphorylation of IP,
was blocked by LiCl.
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Experimental procedures
Primary heart cell culture

Cardiac cells were isolated from ventricles of 2-4 day old Wistar rats by stepwise
trypsinization accordong to Yagev ef al. (1984) [9]. A near to homogeneous suspension
of cardiomyocytes was obtained by two successive periods of 30 and 90 min preplating.
Finally 1.8 x 10° myoblasts were seeded per Petridish (Greiner, TC 35/10), which after
24 to 26 h incubation (37°C, 5% CO,, 95% hum.) resulted in a confluent monolayer of
beating cardiomyocytes. Every 48 h the growth mediom (Ham F-10 (Gibco), supplemented
with 10% FCS, 10% HS, 2 x 10° U/1 penicillin and 0.2 g/l streptomycin (Boehringer);
and 135 mg/l CaCl,.2H,0) was changed. Experiments were done on the third or fifth
day after plating.

Cell incubation

After decanting the growth medium cardiomyocytes were rinsed twice with 1 ml incubation
buffer (130 mM NaCl, 4.7 mM K], 1.3 mM CaCl,, 20mM NaHCO,, 0.44 mM NaH,PO,,
1.1 mM MgCl,, 0.2% D-glucose, 37°C, gassed, pH 7.4) followed by preincubation in 0.5
ml 6.7uCi [2-°H-]myo-inositol/ml buffer for 2 h. After this period the cells were rinsed
twice with 0.5 ml buffer and incubated in buffer, 10 mM LiCl and other additions as
indicated, at a final volume of 1 ml.

Incubations were terminated by rinsing with 0.5 ml ice-cold buffer immediately followed
by addition of 0.5 ml methanol/13 M HCI (100:1 v/v).

Assay of [H-]inositolphosphates

Cells were scraped and kept overnight at -20°C in methanol/ chloroform/ 13 M HCL
(200:100:1 v/v). Phase separation was obtained in chloroform/methanol/2.5 M HCI (2:2:1
v/v). After rinsing the organic phase once with 1 ml synthetic upper phase
(chloroform/methanol/0.6 M HCI, 3:48:47 v/v) the combined upper phases were diluted
with water and applied to 1 ml Dowex 1X8 anjon exchanger (formate form).
Inositolphosphates were separated according to Berridge et al. (1982) [10]. One volume
of eluate was mixed with two volumes of Instagel (Packard) and counted for radioactivity
by liquid scintillation (Tricarb 2660 from Packard).
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Statistical analysis

Data were evaluated for statistical significance by ANOVA and the Bonferroni t-test for
multiple comparisons. P <0.05 was considered significant.

Results

As is shown in Table ITI.1 the addition of 30 uM PhE to *H-inositol labelled cardiomyocytes
caused after 30 minutes an increase in *H-inositolphosphates accumulation only in the
presence of Li*. This increase was completely blocked by the specific o;-adrenergic antagonist
prazosin. The B-adrenergic antagonist propranolol had no effect on the PhE-stimulated
inositolphosphates formation.

Table INL.1. Receptor specificity of phenylephrine-stimulated [*H-] inositol phosphates formation
in neonatal rat cardiomyocytes

Addition(s) ’H-]inositolphosphates
(% of control = S.E.M.)

None 93 = 20

Li* 100

Phenylephrine 116 = 14

Li*, phenylephrine 433 + 83

Li*, phenylephrine, prazosin 117 = 11

Li*, phenylephrine, propranolol 356 + 53°

Data are means * S.E.M. of at least 6 samples. Control value (100%) is 322 = 35 d.p.m./dish
(n=9). The concentrations used were 10 mM LiCl, 30 uM phenylephrine, 1 M prazosinand 1
UM

propranolol. Incubation time was 30 minutes. ‘P < 0.05.

In two experiments we examined the proportional distribution of the three inositolphosphates.
This was found to vary very much between the experiments: IP, 43.0% - 59.8%; IP,33.2% -
30.3%; 1P, 23.8% - 9.9%. In two other experiments we examined the same parameter
after shorter incubation periods. Again a large variation: 1 min. IP, 61.2% - 49.6%; 1P,
25.4% - 34.0%; 1P, 13.4% - 16.4%; 6 min. IP, 63.1% - 61.0%; 1P, 24.3% - 26.9%; 1P,
12.6% - 12.1%. Although at each time point most of the label was present in IP,, in every
experiment the IP, level was seen rising while the radioactivity in IP, and IP, was constant.

Discussion

Our findings show that myocardial «,-adrenergic receptors are coupled to the phosphoinositol
cycle. This is in agreement with other reports [3,4,5].

The fact that we were not able to show any rise in the level of IP, shortly (1 min) after
stimulation could be interpreted as an indication that not PIP, but PI is the substrate
for agonist stimulated phospholipase C in myocardial cells. On the other hand the activity
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of the IP;- and IP,-phosphatases may be that high that the IP;- and IP,-peaks are too transient
to be measured directly. The IP-phosphatase certainly must be very active as can be derived
from the impossibility to measure inositolphosphates formation in the absence of Li*
(Table III.1). This monovalent cation acts as an inhibitor of this phosphatase [10]. The
continuous formation of IP, should in this case be seen in consequence of IP,-formation
and -dephosphorylation.

How this could agree with the generally supposed second messenger action of IP, is not
easily answered. During agonist-receptor binding there could exist a constant flow of IP,
from its formation site to the calcium storage site. The IP,-phosphatase may even be involved
in the action of IP, on the calcium stores. But this is mere speculation and will stay this
until some intracellular IP;-binding site has been identified.

Of more importance as a second messenger (especially in heart muscle) may be the other
PIP,-breakdown product, which was not measured in our experiments: the diglyceride.
It is supposed that DG activates PKC which has several protein substrate sites in the
myocardium e.g. phospholamban [11]. Whether this phosphorylation actually occurs under
a,-adrenergic stimulation is at present not known. However it would indicate a common
target of a- and B-adrenergic stimulation.
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Chapter IV

Phorbolester Inhibits o,-Adrenoceptor Mediated Phosphoinositide Breakdown
in Cardiomyocytes

Johanna T.A. Meij and Jos M.J. Lamers (1989) J Mol Cell Cardiol 21: 661-668.

Abstract

The regulation of and the intracellular events following @ -adrenergic receptor stimulation of myocardium
are not completely understood. The @, -adrenergic stimulation of phosphoinositide breakdown was examined
in a culture of neonatal rat ventricular myocytes and the influence of a protein kinase C activator, phorbol
12-myristate 13-acetate, on this process was studied. Inositolphosphate accumulation was stimulated by
phenylephrine (ECs, 5 M) in the presence of 10 mM LiClL The increase was antagonized by prazosin (107
¢ M) but not by propranolol (10° M). The rate of inositolphosphate accumulation after prolonged a;-
adrenoceptor stimulation decreased without clear evidence of depletion of the membrane phosphatidylinositolbis-
phosphate pool. Phorbol ester treatment (ICs, 10°M) led to a dose-dependent inactivation of @,-adrenoceptor
stimulated phosphoinositide breakdown. These findings provide evidence that protein kinase C plays a role
in the regulation of @ -adrenoceptor sensitivity.

Introduction

Both - and B-adrenergic agonists increase the force of contraction in ventricular
myocardium. Although both types of agonists evoke an increase of slow inward calcium
current the mechanical and electrophysiological responses of the heart to «-agonists
differ qualitatively and quantitatively from those to B-agonists [Briickner etal. 1985; Osnes
et al. 1985]. Metabolically there are differences as well: ¢ -adrenergic stimulation activates
glycogen phosphorylase only moderately compared with 8-stimulation [Osnes etal. 1985].
In contrast to the comparatively well-established role of cyclic AMP-dependent protein
phosphorylation in the mediation of the 8-adrenergic effects, the cellular mechanisms
underlying the a,-adrenergic effects in the myocardium are largely unknown. In a number
of rat heart models stimulation of o,-adrenoreceptors has been found to enhance
phosphoinositide breakdown, e.g. isolated adult ventricular cells [Brown et al.. 1985], isolated
papillary muscle [Poggioli etal. 1986), isolated ventricles [Schmitz etal. 1987] and cultured
heart cells [Uchida etal. 1982]. The general concept is that receptor stimulation activates
phospholipase C to hydrolyse phosphatidylinositol-4,5-bisphosphate (PIP,)' into inositol
1,4,5-trisphosphate (IP,) and diacylglycerol (DG). IP, may act by mobilizing Ca* from
intracellular stores [Hirata et al. 1984; Volpe et al. 1985] and DG by activating protein
kinase C (PKC) [Berridge, 1984]. PKC is also identical to the intracellular "receptor”
of tumor-promoting phorbol esters [Castagna et al. 1982] and these have become tools

!Abbreviations: PI, phosphatidylinositol; PIP, phosphatidylinositol monophosphate; PIP,, phosphatidylinositol
bisphosphate; IP, inositolphosphate(s); IP,, inositolmonophosphate; IP,, inositolbisphosphate; IP,, inositol-
trisphosphate; PKC, protein kinase C; PMA, phorbol 12-myristate 13-acetate; PhE, phenylephrine; PS,
phosphatidylserine.
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for investigating the role of PKC.

Generally, the effect of phorbol ester treatment appear to be inhibition of
(norepinephrine) activation of phosphoinositide metabolism [Cotecchia ef al. 1985; Corvera
et al. 1986] and Ca*-efflux [Cooper et al 1985], accompanied by a decrease of a-
adrenoceptor agonist affinity [Cooper et al. 1985; Cotecchia et al. 1985]. Further reports
suggest that through PKC-dependent phosphorylation the ;- and B,-adrenergic receptors
are desensitized [Bouvier ef al 1987; Leeb-Lundberg er al 1987].

To examine the effect of PKC-activation on «j-adrenoceptor mediated PI-
breakdown we used a purified culture of neonatal rat ventricular myocytes. This culture
has two advantages over other rat heart models: it contains a near to homogeneous
population of cardiac muscle cells and these myocytes have had time to recover fully
from the proteolytic treatment used to isolate them. First we characterized the -
adrenergic PI metabolism in these cells. Next we examined the effect of phorbol 12-
myristate 13-acetate (PMA) on the o,-adrenoceptor mediated PI breakdown.

Materials and methods
Chemicals

Growth medium: Nutrient mixture Ham F10 (Gibco, Scotland) supplemented with 10%
fetal calf serum, 10% horse serum, 200000 units/L penicillin, 0.2 g/L streptomycin (all
from Boehringer Mannheim) and 135 mg/L CaCL.2H,O; Petri dishes (TC 35/10) were
from Greiner, trypsin (type III) was from Sigma as were DL-propranolol, phosphoino-
sitide standards (P-6023) and phorbol 12-myristate 13-acetate; [2-’H-]myoinositol was
from Amersham International PLC (Amersham); phenylephrine HC] was from Brocades
(Delft); prazosin HC from Pfizer (New York); Dowex 1X8 (100-200 mesh formate form)
from BioRad Labs (California); HPTLC plates (HP-KF, 200 ) were from Whatman
(Clifton, N.J.); Instagel was from Packard (Groningen) and En*Hance from NEN (Boston).
All other chemicals were of analytical grade.

Primary heart cell culture

Cardiomyocytes were isolated from the ventricles of 2 to 4-day old Wistar rats by
trypsinization according to Yagev et al. (1984), We applied a modified enrichment method
(Blondel et al. 1971} of two successive periods of 30 and 90 min preplating. Of the final
suspension containing 9 x 10° myoblasts/ml growth medium, 2 ml were seeded per Petri
dish. After 24 to 26 h incubation (37°C, 5% CO,, 95% humidity) this resulted in a confluent
monolayer of beating cardiomyocytes. The growth medium was changed every 48 h after
seeding. Experiments were done on the third or fifth day after plating under the same
incubation conditions as already mentioned.

Cell incubation
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Cardiomyocytes were rinsed twice with 1 ml incubation buffer (130 mM NaCl, 4.7 mM
KCl, 1.3 mM Ca(l,, 20 mM NaHCO,, 0.44 mM NaH,PO,, 1.1 mM MgCl,, 0.2% D-
glucose, 37°C, equilibrated with 5% CO,/95 % O,, pH 7.4) followed by addition of 0.5
ml [2-°H-]Jmyoinositol in buffer. To study *H-inositolphosphate formation 6.7 pCi/-ml
of [2-*H-Jmyoinositol was added but to study the (possible) change of *H-phosphoinositides
after prolonged incubation 15 pCi/ml of [2-*H-Jmyoinositol was added. In both cases the
dishes were preincubated for 2 h, rinsed twice with 0.5 ml buffer and incubated in buffer,
10 mM LiCl and other additions, as indicated, at a final volume of 1 ml. Incubations
were terminated, at the indicated times, by rinsing with 0.5 ml cold buffer followed by
addition of 0.5 ml cold methanol/13 M HCI (100:1 v/v). The cells were scraped using
a rubber policeman and the suspension was transferred to a glass tube. The dish was
rinsed once more with 0.5 ml of the acidified methanol, which was also transferred to
the glass tube. Then 0.5 ml chloroform was added and the extract was kept at - 20°C
overnight. The phases were separated by adding 0.5 ml 2.5 N HCl and 0.5 ml chloroform
and centrifugation (10 min, 1770 x g).

Assay of [ H]-inositolphosphates

The aqueous (upper) phase was transferred to another tube and the organic (lower) and
intermediate phases were washed with 1 ml synthetic upper phase (chloroform/methanol/0.6
M HCI 3:48:47 v/v), followed by centrifugation (10 min, 1770 x g). The upper phases
were combined and diluted 5 times with distilled water. The inositolphosphates were
separated by anion exchange using 1 ml Dowex 1X8 as originally described by Berridge
et al. (1982). Briefly free inositol and glycerophosphoinositides were eluted with 20 ml
distilled water and 10 ml 5 mM disodiumtetraborate in 30 mM Na-formate respectively.
IP,, IP, and IP, were eluted either separately with increasing concentrations of 10 ml ammo-
niumformate (0.2 M, 0.5 M and 1 M, respectively) in 0.1 M formic acid [Bijsterbosch
et al. 1985] or all together with 10 ml 1 M ammoniumformate in 0.1 M formic acid. One
volume of the eluate was mixed with two volumes Instagel and counted for radioactivity
by liquid scintillation (Tri-carb 2660 from Packard).

Assay of H]-phosphoinositides

The organic (lower) phases of 4 to S similarly treated samples were combined and
evaporated to dryness with N,, redissolved in methanol/chloroform/water (25:75:2 v/v)
and spotted on HPTLC plates - previously impregnated with 1% potassiumoxalate in
methanol /water (2:3 v/v) and activated (15 min, 110°C). The plates were developed in
chloroform/acetone/methanol/acetic acid/water (40:15:13:12:8 v/v) as described by Jolles
et al. (1981). After spraying the plates with En’Hance the spots were visualized by
autoradiography (Kodak SB 100) and identified by comparison with simultaneously run
standard phosphoinositides. The scraped spots were sonicated in 5 ml Instagel and counted
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for radioactivity by liquid scintillation (Tricarb 2660 from Packard).
Statistical analysis

Data were evaluated for statistical significance by analysis of variance and the Bonferroni
t-test for multiple comparisons. P <0.05 was considered significant.

Results
Phosphoinositide breakdown

Addition of 30 M phenylephrine (PhE) to *H-inositol-labelled cardiomyocytes caused
an increase in *H-IP formation only in the presence of Li*, as is shown in Table IV.1.
The experiments in which IP,, IP, and IP, were eluted separately, demonstrated that most
of the *H-label was present in IP,. This is consistent with the observations of others [Brown
et al. 1985; Schmitz et al. 1987; Steinberg ef al. 1987]. We always found that the increase
in *H-IP, was low. The mean (= S.E.M.) factor of stimulation by PhE of *H-IP, at 6 min
was 1.1 + 0.1, at 30 min 1.8 = 0.5 and at 60 min 2.6 + 1.4. This was not at all a reflection
of the relative stimulation of total inositolphosphates. In all other experiments we therefore
measured the total *H-IP formation.

The increase of IP-formation was completely blocked by the specific a,-adrenergic
antagonist prazosin. The B-adrenergic antagonist propranolol had no effect on PhE-
stimulated IP-formation (Table IV.1). The results shown in Table IV.1 were those after
30 min but those after 15 min (not shown) were identical.

To find out whether PhE-stimulation resulted in a continuous IP-formation the
time-course of *H-IP accumulation was measured. The results are illustrated in Figure
IV.1. Stimulation periods of up to 30 min resulted in a time-dependent increase in *H-

TABLE IV.1. Receptorspecificity of phenylephrine-stimulated[*H]-inositol phosphate formation
in neonatal rat cardiomyocytes.

[*H]-inositolphosphates

Addition(s): (% of control + SEM.)
None 93 + 20
Li* (control) 100
Phenylephrine 116 + 14
Li*, phenylephrine 433 + 83
Li*, phenylephrine, prazosin 117 + 11
Li*, propranolol 100 + 15
Li*, phenylephrine, propranolol 356 + 53°

Data are means + S.E.M. of at least six samples. Control value (100%) is 322 + 35 d.p.m. /dish
(n=9). The concentrations used were 10 mM LiCl, 30 M phenylephrine, 1 M prazosin and 1
M propranolol. Incubation time was 30 min.

“Significantly different from control (P < 0.05).
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Figure IV.1. Time course of PhE-stimulated *H-IP formation in neonatal rat ventricular myocytes.
*H-Inositol labelled cardiomyocytes in medium with 10 mM LiCl were incubated with (o) or without
(0) 30 UM PhE for the indicated times. Determinations were as described in Materials and Methods.
Data are the means + S.EM. of duplicates from up to 5 experiments. *Significant increase from control
(P 0.05).

Insert. Time course of the relative Phe-induced stimulation of *H-IP-formation.

" -fold" expresses the factor of stimulation by PhE of the *H-IP-level at each time point. Data are the
means + S.EM. of duplicates from up to 5 experiments.

IP accumulation. Between 30 and 60 min the *H-IP accumulation tended to plateau. This
tendency was more pronounced if the relative stimulation was regarded (Fig. IV.1insert).
It was not due to submaximal labelling of the *H-phosphoinositide pool because a similar
time-course was obtained with cells labelled overnight (unpubl. obs.). To examine whether
the attenuation of *H-IP formation was due to depletion of the *H-PIP, pool we separated
the (poly)-phosphoinositides and visualized them by autoradiography. Except for the PI-
spots the latter was only possible after combining extracts of several (4 to 5) dishes and
using a higher concentration of *H-inositol. Figure IV.2 shows the pattern of *H-
phospholipids and the position of the phosphoinositide-standards. No difference in amount
of "H-PIP, or other *H-PI-lipids between unstimulated and stimulated cells is visible. Counting
of TLC-scrapings did not reveal significant differences, due to prolonged incubation or
stimulation, in the total amount of *H-phosphoinositides (Table IV.2). The increases in
total d.p.m. incorporated into PI lipids after 6 min incubation and the decreases after
30 and 60 min incubation of both stimulated and unstimulated cells are not statistically
significant. The distribution of label among the three phosphoinositides changed slightly
in the PhE-stimulated cells. The percentage of label present in PIP, of stimulated cells
increased with time and was significantly different from that of unstimulated cells after
30 and 60 minutes. However, in absolute d.p.m. this increase was compensated by the
not significant decrease in the total d.p.m. of "H-phosphoinositides. These results indicate
that up to 60 min incubation with PhE no depletion of labelled phospholipase C substrate
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Table IV2 [FH]-Inositol incorporated in PI-lipids

% dpm/dish of total

Incubation total dpm
time (min) PI PIP PIP, PI-lipids/dish
stimulated
0 9133 = 142 450 = 1.74 417 £ 0.40° 147343 + 18230
6 91.39 + 148 414 £ 1.71 447 + 0.54 179895 + 31847
30 89.28 = 1.06 534 + 1.38 533 £ 045 119705 + 9017
60 88.46 + 1.64 523 £ 1.62 632 + 0.46° 114856 + 13005
unstimulated
6 91.20 = 1.55 4.69 + 1.68 411 + 013 170348 + 27811
30 91.84 + 1.12 431 = 1.06 385 + 0.12 163900 + 34076
60 90.77 = 215 485 + 2.09 438 + 0.22% 166648 + 38264

Data are mean (percentage) + S.EM. from 3 experiments,
"*° Significantly different from each other (P <0.05).

Figure IV.2. Autoradiograph of *H-labelled
phospholipids ~ separated by thin layer
chromatography.

*H-labelled cardiomyocytes in medium with 10
mM LiCl were incubated with (left lane) or
without (right lane) 30 M PhE for 30 minutes.
Lipid extraction and t.l.c. were as described in
Materials and Methods. Position of standards
(middle lane) as detected by iodine vapour.
Indicated (arrow) spots represent
lyso(poly)phosphoiriositides.o = origin; f=front.
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occurs. Whether this is also applicable to the total (poly)PI-pool can only be answered
by measurement of the unlabelled PIP,-concentration.

We also tested the effect of different concentrations of PhE on *H-IP formation.
As is illustrated in Figure IV.3, PhE evoked a concentration-dependent activation of
phospholipase C. At concentrations over 30 uM the activity seems at a maximum. Under
3 uM the initial rate of *H-IP-formation is very low (no IP accumulation after 6 min).
In the dose-response plot of the 30 min incubation experiments an EC,, of 5 uM PhE
was found. However the PhE concentration at which a half-maximal response is obtained
differed depending on time of incubation (EC,, = 15 uM in the 6 min incubation experi-
ments).

500
400
300

200 A

\,

[3H]-1P (% of control)

100 —;4

0+ T 1
0 10 100

[PhE] (uM)

Figure IV.3. Dose-dependence of PhE-stimulated *H-IP formation in neonatal rat cardiomyocytes.
3H-inositol labelled cardiomyocytes in medium with 10 mM LiCl were incubated for 6 min () or for
30 min (o) with PhE at the indicated doses. Determinations were as described in Materials and Methods.
Data are the means (+ S.E.M.) of duplicates or triplicates (% of control) from up to 3 separate experiments.
Control values, obtained with 10 mM LiCl only, are 168+23 d.p.m./dish (n=4) for 6 min and 269+33
d.p.m./dish (n=5) for 30 min.

Effect of phorbolester

To study the effect of PKC on phospholipase C-activation by PhE we added different
concentrations of the tumor-promoter PMA to the myocytes and incubated them (10
mM LiCl) with or without 30 uM PhE for 30 min. The effect of PMA on the activated
and basal *H-IP-accumulation is illustrated in Figure IV.4. PMA progressively reduced
PhE-stimulated *H-IP-accumulation at the tested concentrations although inhibition was
not complete even at 1 uM PMA.
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Figure IV.4. Effect of PMA on *H-IP phosphate formation in neonatal rat cardiomyocytes.
®*H-inositol labelled cardiomyocytes in medium with 10 mM LiCl were incubated with PMA (0-1 uM)
and with (o) or without (0) 30 M PhE for 30 min. Determinations were as described in Materials and
Methods. Data are the means (+ S.E.M.) of duplicates from 4-5 experiments expressed as percentage
of maximum increase (0 4M PMA, 30 uM PhE). *Significant increase from control (P 0.01) *Signifi-
cant decrease from maximum.

Discussion

Our finding that a,-adrenergic receptors in cardiomyocytes are coupled to phosphoinositide
breakdown agrees with the reports of others [Uchida et al. 1982; Brown ef al. 1985; Otani
et al. 1986; Steinberg et al. 1987; Woodcock et al. 1987a,b and c; Scholz et al. 1988]. In
this respect neonatal rat ventricular myocytes prove to be an excellent model. We
preferred this model for reasons already mentioned (see Introduction), although it may
be that the a,-adrenoceptor response qualitatively differs from that of isolated adult
cardiomyocytes because minor morphological differences exist: not rod-shaped, still
rudimentary T-tubules present( Moses and Kasten, 1979; Simpson and Savion, 1982).
Nomne the less, in the present study it became apparent that inositolmonophosphatase
is also very active in the neonatal cell type. Without inhibiting this enzyme by Li* no
*H-IP-formation due to a-adrenoceptor stimulation could be measured [¢f Brown et al. 1985].

Alpha,-adrenoceptor stimulated *H-IP-formation almost plateaued after 30 min.
Apparently the rate of IP-formation, which reflects the activity of phospholipase C, gradually
decreased. Brown et al. (1985) observed in similar experiments with adult rat cardiomyocytes
a *H-IP increase which was linear for at least 40 min. The decrease observed in the
present study is not caused by depletion of PI-lipids, as neither the total *H-PI-pool nor
the *H-PIP,-pool decreased significantly after 30 min PhE stimulation. The attenuation
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of the o,-adrenergic effect may therefore have another cause. Fratelli and De Blase (1987)
showed evidence for agonist-induced «,-receptor sequestration in smooth muscle. Also
it has been suggested that the adrenergic receptors are desensitized by protein kinase
activation [Cooper er al. 1985; Cotecchia ef al. 1985; Colucci et al. 1986; Garcia-Sainz
et al. 1986]. Indeed it has been shown that the a-adrenoceptor is a substrate for PKC-
dependent phosphorylation [Leeb-Lundberget al. 1985, 1987]. PKC-induced phosphorylation
of the «,-adrenoceptor could be a cause of the slowing down of PhE-stimulated IP-
formation. DG formation is also stimulated and DG in turn activates PKC. But there
is no proof that in our system PKC is activated. PKC-activation through another PI cycle
coupled receptor in neonatal rat cardiomyocytes has recently been reported. Ddsemeci
et al. (1988) showed that angiotensin II activated PKC through stimulation of
phosphoinositide breakdown. Furthermore they showed that this resulted in a protein
phosphorylation pattern similar to that induced by direct activation of PKC by a phorbol
ester. We showed that the «,-adrenergic response spontancously decreased after prolonged
stimulation of cells and also that the PKC-activator PMA markedly reduced the o;-
adrenergic response (Fig 3). So if we assume a parallel between a,-adrenergic and PMA-
induced effects on the level of PKC, then PKC-induced phosphorylation of an «,-
adrenoceptor subunit could explain our results.

The effects of phorbol esters on unstimulated cardiac functions in perfused rat
heart [Yuan ef al. 1987} and in neonatal rat cardiomyocytes [Ddsemeci et al. 1988] have
recently been reported. Phorbol ester induced a negative inotropic effect and activated
PKC in both systems in a concentration range similar to the one effective in the present
study (10-100 nM). This negative inotropic effect of phorbol ester is in contradiction with
our assumption that PKC-activation is a consequence of «,-adrenoceptor stimulation.

Apart from an attenuation after prolonged PhE-stimulation (30-60 min) the rate
of IP-formation within the first minutes of PhE-stimulation is particularly dependent on
the used agonist-dose. Figure IV.2 shows that stimulation with 30 uM PhE or a higher
dose immediately gives a maximal rate of IP-formation. The rate of IP-formation at doses
less than 30 uM PhE is much lower. Hardly any formation of IP has occurred within the
first 6 min at 3 uM PhE. The EC,, value found in the 30 min incubation series is in
accordance with K, values found for phenylephrine competing for radioligand binding
sites in cultured heart cells [Kupfer et al. 1982; Muntz et al. 1985]. Why a different EC,,
of PhE is found for the 6 min incubation series cannot be explained on the basis of the
present results. At any rate the incubation time dependence of the EC;, cannot be explained
by the observed attenuation of the a,-response after prolonged incubation (Fig. 1). The
latter would either give an unaltered EC, or a higher EC,, for the longer incubation period.
So far there does not only appear to be a down-regulation at optimal «,-agonist concentration
but also a sensitization of the receptor which is dose-dependent.
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Chapter V

Phorbol Ester and the Activities of Phosphatidylinositol 4,5-Bisphosphate
Specific Phospholipase C and Protein Kinase C in Microsomes Prepared
from Cultured Cardiomyocytes

Johanna T.A. Meij, Karel Bezstarosti and Jos M.J. Lamers (1989) Submitted for publication.

Abstract

Microsomes were prepared from cultured neonatal rat cardiomyocytes. Incubation of microsomes in buffer
containing 5 tM CaCl,, 9 mM cholate and 100 nM [*H]-P1(4,5)P, resulted in the formation of *H-IP,. GTPTS
(125 M) stimulated the production of *H-IP,. Microsomes prepared from phorbol ester-treated (100 nM
phorbol 12-myristate 13-acctate, PMA) cardiomyocytes showed decreased activities of basal as wellas GTP 7 S-
stimulated [*'H-]P1(4,5)P, hydrolysis. In the microsomes a 15 kD protein was demonstrated to be the major
substrate phosphorylated by intrinsic protein kinase C, which was activated by 0.5 mM Ca**. Addition of
phorbol ester (100 nM PMA) enhanced the **P-incorporation into the 15 kD protein. Protein kinase C, purified
from rat brain, in the presence of Ca**, diglyceride, and phosphatidylserine did not change the phosphorylation
pattern any further. In conclusion, it was shown that phorbol ester pretreatment of neonatal rat cardiomyocytes
reduces microsomal GTP TS stimulated PI(4,5)P,-specific phospholipase C and that in cardiomyocyte microsomes
phorbol ester activates protein kinase C-induced 15 kD protein phosphorylation. The results indicate that
phorbolester may down-regulate &,-adrenoceptor mediated PI(4,5)P, hydrolysis by activation of protein kinase
C-induced 15 kD protein phosphorylation.

Introduction

The mammalian ventricular myocardium contains two types of receptors: B- and a-
adrenoceptors [Osnes 1985]. Although the B,-adrenoceptors by far outnumber the a,-
adrenoceptors, the latter type has lately become a focus of attention because of alterations
in the number of o,-type adrenoceptors in ischaemic myocardium [Lee 1988]. The
responses of the heart to «,-adrenergic stimulation are much different from those to 5;-
adrenergic stimulation. Therefore it seemed likely that the cellular mechanisms underlying
these responses were also different.

In contrast to the comparatively long-established role of cyclic AMP-dependent
protein phosphorylation in the mediation of the B-adrenergic effects, the mechanism
transducing the «,-adrenoceptor signal in the myocardium has only recently been
discovered. It has become apparent from several studies [Brown et al. 1985; Poggioli et
al. 1986; Steinberg et al. 1987; Woodcock et al. 1987; Meij and Lamers 1989a,b] that
myocardial a,-adrenergic receptors are coupled to phosphatidylinositol 4,5-bisphosphate
(P1(4,5)P,) breakdown. The hydrolysis of this sarcolemmal phospholipid by a specific
phospholipase C (PI(4,5)P,-PLase C) yields two second messengers, inositol 1,4,5-
trisphosphate (IP;) and diacylglycerol (DG) [Berridge 1984]. IP, may act by mobilizing
calcium from intracellular stores [Hirata et al. 1984; Volpe et al. 1985] and DG by
activating protein kinase C (PKC) [Berridge 1984]. PKC appears also identical to the
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intracellular "receptor” of tumor-promoting phorbol esters [Castagna et al. 1982] and these
have become tools for investigating the role of PKC.

Generally, the effects of phorbol ester treatment appear to be inhibition of
(norepinephrine) activation of phosphoinositide metabolism [Cotecchia et al 1985] and
Ca™-efflux [Colucci et al. 1986], accompanied by a decrease of o,-adrenoceptor agonist
affinity [Cotecchia et al. 1985]. Further reports suggest that through PKC-dependent
phosphorylation the «,- and B,-adrenergic receptors are desensitized [Bouvier et al. 1987;
Leeb-Lundberg et al. 1987].

Previously we characterized the myocardial a,-adrenoceptor mediated PI(4,5)P,
breakdown and examined the effect of phorbol ester on this process using cultured
neonatal rat ventricular myocytes [Meij and Lamers 1989b]. We found that pretreatment
of these cells with phorbol 12-myristate 13-acetate (PMA, 0.01 to 1 pM) led to a dose-
dependent inactivation of e;-adrenoceptor stimulated PI(4,5)P, breakdown. This finding
suggested that PKC is involved in the down-regulation of o,-adrenoceptor responsiveness.
Phosphorylation by PKC of a receptor subunit [Leeb-Lundberg et al. 1987] or a GTP-
binding protein coupling the receptor to P1(4,5)P,-PLase C [Orellana et al. 1987] may
be involved.

Therefore it became interesting to study the action of PMA on membrane-bound
enzyme systems involved in the transduction of the «-signal. In the present study we
measured the PI(4,5)P,-PLase C activity in microsomes from cultured neonatal rat
cardiomyocytes and its sensitivity to prior treatment of the cardiomyocytes with PMA.
Also the PMA effects on the PKC intrinsic to the microsomes, were studied whereby
attention was focussed on its specific substrate protein(s).

Materials and methods
Materials

Growth medium: Nutrient mixture Ham F10 (Gibco, Scotland) supplemented with 10%
fetal calf serum, 10% horse serum, 200000 units/L penicillin, 0.2 g/L streptomycin (all
from Boehringer Mannheim) and 135 mg/L CaCl,.2H,O; Petri dishes (TC 35/10) were
from Greiner; trypsin (type III) was from Sigma and so were the phosphoinositide standards,
phosphatidylserine (PS), diolein (DG), phorbol 12-myristate 13-acetate (PMA) and the
catalytic subunit of cyclic AMP-dependent protein kinase (CSU); phosphatidylinositol
4,5-bisphosphate [inositol-2-"H(N)] (4.4 Ci/mmol) was from DuPont NEN (Boston, USA);
[7-*P]ATP was purchased from Amersham (Amersham, UK); Dowex 1X8§ (100-200 mesh
formate form) was from BioRad Labs (California, USA); HPTLC plates (HP-KF, 200
1) were from Whatman (Clifton NJ, USA); Instagel was from Packard (Groningen, The
Netherlands). All other chemicals were of analytical grade. Protein kinase C (PXC), purified
from rat brain (Snoek et al 1988), was a kind gift of Dr. G.T. Snoek, Centre for
Biomembranes and Lipid Enzymology, State University of Utrecht, Utrecht, The Netherlands.
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Primary heart cell culture

Cardiac cells were isolated from ventricles of 2-4 day old Wistar rats by stepwise
trypsinization as described before [Meij and Lamers 1989b]. A near to homogeneous
suspension of cardiomyocytes was obtained by two successive periods of 30 and 90 min
preplating. Finally 1.8 x 10° myoblasts were seeded per petridish, which after 24 to 26
h incubation (37°C, 5% CO,, 95% humidity) resulted in a confluent monolayer of beating
cardiomyocytes. Every 48 h the growth medium was changed. Pretreatment of cells and
the isolation of microsomes were done on the third day after plating.

Pretreatment of the cardiomyocytes

In the experiments in which the cardiomyocytes were pretreated with PMA the following
method was employed. After decanting the growth medium cardiomyocytes were rinsed
twice with 1 ml incubation buffer (130 mM Na(Cl, 4.7 mM KC}, 1.3 mM Ca(l,, 20mM
NaHCO,, 0.44 mM NaH,PO,, 1.1 mM MgCl,, 11.1 mM D-glucose, 37°C, gassed, pH 7.4)
followed by preincubation in 1 ml buffer with or without 100 nM PMA for 30 min as
previously described [Meij and Lamers 1989b]. Pretreatment was stopped by decanting
the buffer and rinsing the cells, followed by the isolation of microsomes.

Preparation of microsomal fraction

After decanting either the growth medium or the PMA containing buffer the cells were
rinsed twice with 1 ml 0.9% NaCl. The cells were scraped from the culture dishes in
homogenization buffer containing 20 mM 2-morpholinoethanesulfonic acid (MES pH
6.5) and 5 mM DL-dithiothreitol (DTT). Cells were homogenized at 4°C in a Polytron
(PT 10/35, Kinematica, Kriens, Switzerland) by two short bursts at position 4 followed
by a 10 sec burst at position 6. Further homogenization was done in a tissue grinder
with teflon pestle (Braun, Melsungen, FRG). Small aliquots were taken from the homogenate
and the remaining volume was centrifuged for 10 min at 5000 x g,, (Sorvall RC-5, SS
34 rotor, Dupont Instruments, Newtown CT, USA). The pellet was discarded and the
supernatant was centrifuged for 60 min at 100000x g,, (Spinco L50, TY 65 rotor, Beckman
Instruments, Mijdrecht, The Netherlands). The resulting supernatant was discarded, the
pellet resuspended in 0.1 M MES (pH 6.5) and rapidly frozen in liquid nitrogen and kept
at -80°C. Protein measurements were done according to Lowry et al. (1951) using bovine
serum albumin as standard.

Phospholipase C assay
Essentially, the method described by Jackowski et al. (1987) was applied. The commercially

obtained solution of [*H-]P1(4,5)P, was transferred in 25 il portions to small acid-washed
glass vials with a teflon-sealed screw cap. Prior to each experiment the solvent of one
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portion was evaporated under nitrogen and the *H-PI1(4,5)P, redissolved in 15 11 240 mM
sodium cholate, overnight at 4°C. Shortly before incubation an equal volume of water
was added and the solution held in a sonication bath for 30 sec, after which the solution
was mixed with the other reaction ingredients.

[’H-]P1(4,5)P, breakdown was measured in a reaction mixture containing 0.1 M
MES (pH 6.5), 5 uM CaCl,, 15 pg microsomal protein, 100 nM [*H-]PI(4,5)P,, and 9 mM
sodium cholate in a final volume of 40 pl. The samples were incubated at 37°C for the
indicated times. The reaction was stoppéd by cooling on ice immediately followed by
the addition of 144 u1 CHCL,/CH,OH/HCI (1:2:0.2 v/v). Phases were separated by adding
48 ul 2 M KCl and 48 pl CHCI, and microcentrifugation. The inositol phosphates were
separated from the upper phase by anion exchange on Dowex 1X8 columns and
quantitated by liquid scintillation counting as described before [Meij and Lamers 1989b].

To check the chemical composition of the dissolved [*H-]PI(4,5)P,, in some
experiments the lower phases were dried under nitrogen and redissolved in CHCL,.
Phosphoinositides were separated on high performance thin layer chromatography (HPTLC)
plates as previously described [Meij and Lamers 1989b] and identified by co-
chromatographed standards. The spots were scraped, mixed with Instagel and counted
for liquid scintillation.

Phosphorylation of microsomal proteins

Proteins were phosphorylated in a reaction mixture containing 50 mM 3-[N-
morpholino]propanesulfonic acid (MOPS, pH 7.5), 4 mM MgCl,, 4 mM NaF, 0.5 mM
Ca(l, or ethyleneglycol-O,0’-bis(2-aminoethyl)-N,N,N’,N’-tetraacetic acid (EGTA), 10
g microsomal protein and additions of PKC, DG, PS, PMA, CSU as indicated, in a final
volume of 50 ul. The PKC, purified from rat brain, was kept at 4°C in a stock solution
containing 20 mM Tris, 2 mM EGTA, 5 mM ethylenedinitrilotetraacetic acid (EDTA),
10% glycerol, 1 mM dithioerythrit, 100 ug/ml leupeptin, 1 IU/ml aprotinin and 1 mM
phenylmethylsulfonyl fluoride (PMSF) and diluted before use. The correct amount from
a stock chloroform solution of PS was, where appropriate, mixed with the correct amount
from a stock chloroform solution of DG, evaporated under N, followed by redissolving
in water by sonication (3 times 10 sec). PMA was added from a stock solution in
dimethylsulfoxide (DMSO) to the sonicated solution of PS.

After 3 min preincubation at 30°C, incubation was started by the addition of 10
M [PP-]ATP (10 pCi). The reaction was terminated after 2 min by the addition of 3%
(w/v) sodium dodecyl sulfate (SDS), 6% (v/v) glycerol, 1% (v/v) B-mercaptoethanol.
Samples were boiled for 10 min and separated on 15% SDS-polyacrylamide-gel
electrophoresis (SDS-PAGE) and analyzed as previously described [Lamers and Stinis
1980].
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Figure V.1. Time-course of GTPT S-stimulated inositol phosphate formation in microsomes prepared
from cultured neonatal rat cardiomyocytes. Panel A: The formation of IP,, panel B:The formation of
IP, and IP,. Microsomes were incubated with (e) or without (®) 125 uM GTPTS, as described under
Materials and Methods, for the indicated times. Data are the means = S.EM. of 13
experiments. Significantly different from the unstimulated value at the same time (P < 0.05).

Results
Hydrolysisof H-]P1(4,5)P, in cardiomyocytemicrosomes

Microsomes were prepared from cultured neonatal rat cardiomyocytes by ultracentrifugation
of a 5000 x g,, supernatant. The yield was about 10 to 20 pg protein per mg homogenate
protein. The microsomes were incubated with [PH-]PI(4,5)P,, in the presence of 5 uM
CaCl, and 9 mM cholate as detergent. The time course of the formation of [*H-]inositol
phosphates is illustrated in Figure V.1. There was no major inositol phosphate formed
as e.g. after 30 min incubation almost equal amounts of *H-IP, and *H-IP, had been produced.
This pattern changed dramatically when 125 uM of the nonhydrolyzable GTP analogue
GTP7S was included in the reaction mixture. GTP7S markedly stimulated the formation
of "H-IP,, whereas even some reduction was found in the formation of *H-IP, and *H-
IP.. The effect of GTP7S on PI(4,5)P, hydrolysis was not constant as the stimulation factor
varied considerably between single experiments (1.6 to 14.7). Nonetheless, on the average
the GTPrS-stimulated IP, formation differed significantly from control.

In some experiments the chemical identity of the ['H-]P1(4,5)P, was checked by
separation of the organic extracts on HPTLC plates. No [*H-]PI(4,5)P, derivatives (e.g.
[H-]PI(4)P or 'H-]PI) were found either before or after incubation with cardiomyocyte
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microsomes for 30 min. This result indicates that the *H-IP, and *H-IP, are produced by
PLase C activity on *H-PI(4,5)P..

The effect of phorbol ester pretreatment of cardiomyocytes on microsomal ["H-JPI(4,5)P,
breakdown

Previously we demonstrated that during 30 minutes incubation of cultured neonatal rat
cardiomyocytes with 0.01 to 1 uM PMA the o;-adrenoceptor stimulated formation of inositol
phosphates was inhibited [Meij and Lamers 1989b]. Therefore in the present study the
effect of PMA pretreatment of cardiomyocytes on the activity of the microsomal PI(4,5)P,-
PLase C was tested. Four separate experiments have been carried out. In these
experiments GTPrS stimulated *H-IP, formation and even *H-IP, and *H-IP, formation,
but none of these changes were statistically significant (Figure V.2). However, pretreatment
of the cells with 0.1 pM PMA led to a significant decrease in basal as well as GTP7S-
stimulated *H-IP, formation in the microsomes (Figure V.2A). Also the basal and the
GTP7S-reduced formations of *H-IP, and *H-IP, were further reduced by PMA, but none
of these decreases were significant (Figure V.2B).

25 pmol IP3 pmol IP2 and IP1
PLUS GTP 3 o et
I wo etP PLUS GTP

1.5}

0.5

UNTREATED PMA TREATED UNTREATED PMA TREATED

Figure V.2. Effect of PMA on inositol phosphate formation in microsomes prepared from cultured neonatal
rat cardiomyocytes. Panel A: the formation of IP,; panel B: the formation of IP, and IP,. Microsomes
prepared from either untreated (right bars) or PMA-treated (left bars) cardiomyocytes were incubated
with or without 125 M GTPTS, as described under Materials and Methods, for 30 min. Data are the
means + SEM. of 4 experiments. *Significantly different from microsomes of untreated cells.
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Figure V.3. Phosphorylation pattern (**C- and *P autoradiogram) of microsomes prepared from cultured
neonatal rat cardiomyocytes induced by protein kinase C (PKC) and catalytic subunit of cyclic AMP-
dependent protein kinase (CSU). Proteins were phosphorylated as described under Materials and Methods.
The concentrations of the respective additions were 10ug/m! PKC, 10 pg/ml DG, 100 pg/ml PS, 0.1 uM
PMA, 1000 U/ml CSU. Rainbow [**C-]Jlabelled protein standards, shown in the most left slot, were obtained
from Amersham Int ple, Amersham UK. The sample most right ws not boiled in SDS to identify the high
molecular weight form (about 27 kD) of phospholamban.
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Phosphorylation of microsomal substrate proteins by protein kinase C and catalytic subunit
of cyclic AMP dependent protein kinase

One of the established receptors for phorbol ester (PMA) is the Ca**- and DG-stimulated,
phospholipid-dependent protein kinase, generally called protein kinase C (PKC). To see
whether the action of PMA on the cardiomyocytes was followed by PKC-mediated
phosphorylation of specific substrate proteins in the membranes, the cardiomyocyte
microsomes were incubated with Ca*, PMA, PS and 7-"P-ATP. The autoradiogram of
SDS-PAGE-separated *P-proteins is illustrated in Figure V.3. Several *P-labelled proteins
were present in the microsomes. However, *P-incorporation was dependent on Ca** in
only one protein (15 kD) (compare lanes 1 and 2, 4 and 5). The phosphorylation of this
protein was not further increased by addition of exogenous, purified rat brain PKC (compare
lanes 3 and 5). Also addition of DG and PS appeared not required to activate the
phosphorylation of the 15 kD protein by endogenous PKC (not shown). A most interesting
result was that PMA (100 nM) enhanced the PKC-induced phosphorylation of the 15
kD protein (compare lanes 2 and 3). Previously we [Lamers and Stinis 1982] and others
[Manalan and Jones 1982; Presti ef al. 1985b] demonstrated that the 15 kD protein is
specifically localized in cardiac sarcolemma in contrast to phospholamban (high molecular
weight form PL,= 27 kD and low molecular weight form PL,= about 5.5 kD), which is
found in both cardiac sarcolemma and sarcoplasmic reticulum [Lamers and Stinis 1980;
Rinaldi et al. 1982]. Phospholamban has been shown to be a substrate for cyclic AMP-
, Ca’*-calmodulin- and cyclic GMP-dependent protein kinases [Tada et al. 1979; LePeuch
et al. 1979; Raeymakers et al. 1988] and PKC as well [Iwasa and Hosey, 1984; Movsesian
et al. 1984]. However the results in Figure V.3 show that neither endogenous nor the
exogenous PKC were able to stimulate *P-incorporation into proteins having mobilities
in the range of 27 or 5.5 kD (lanes 2, 3 and 5). Catalytic subunit of cyclic AMP-dependent
protein kinase was therefore applied to prove the presence of phospholamban in the
cardiomyocyte microsomes. The *P-phospholamban was identified by its characteristic
mobility change (27 to 5.5 kD) upon boiling in SDS (compare lanes 6 and 7) [Lamers
and Stinis 1980]

Discussion
Hydrolysis of ["H-JPI(4,5)P, in cardiomyocyte microsomes

Our results show the formation of labelled inositol phosphates from [H-]P1(4,5)P, by
a microsomal fraction prepared from cultured neonatal rat cardiomyocytes. The non-
hydrolyzable GTP-analogue GTP7S enhanced the formation of *H-IP,, whereas the formation
of *H-IP, and *H-IP, remained about constant (Figure V.1). These findings indicate that
a PI(4,5)P,-PLase C is present in neonatal rat cardiomyocytes and that this enzyme is
activated by a GTP-binding protein (G protein).
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Previously we found that a,-adrenergic stimulation of cultured neonatal rat cardiomyocytes
increased the formation of inositol phosphates [Meij and Lamers 1989a,b]. In these intact
cells the formation of IP, predominated, which we attributed to the high rate of inositol
phosphate breakdown by inositolphosphatases. This explanation was supported by the
fact that without addition of the IP,-phosphatase inhibitor Li* in intact cells no inositol
phosphate formation could be detected at all. The inositolphosphatases are presumably
soluble and therefore separated from the microsomes during their isolation, as no
requirement for Li* became manifest using the latter fraction.

Still, the possibility remains that the a,-adrenoceptor coupled PLase C activity found
in the intact cells is not related to the GTPrS-stimulated, PI(4,5)P,-PLase C found in
the microsomes of the present study. In the first place, the former could have a specificity
for phosphoinositides in general, whereas the microsomal enzyme is clearly PI(4,5)P,-
specific. The probability that *H-IP, and *H-IP, produced by the microsomes have been
generated by the direct breakdown of *H-PI(4)P or *H-PIis very unlikely, considering
the impossibility to detect these *H-phosphoinositides even after 30 min iricubation. Secondly,
both PLases C could be PI(4,5)P,-specific but the latter may be coupled to another
receptor than the a,-adrenoceptor.

It is not unlikely that cardiomyocytes contain more than one PI1(4,5)P,-PLase C,
because with respect to the PI-PLase C also several types with distinct properties have
been reported: e.g. in bovine heart four isoforms were found [Low and Weglicki 1983].
In contrast to the lack of information about the properties of PI(4,5)P,-PLase C there
exist numerous reports about the presence of several PI-PLase C forms in a wide variety
of cell types. These are mostly purified from cytosolic fractions [Low and Weglicki 1983;
Rebecchi and Rosen, 1987; Ryu et al. 1987], although Katan and Parker (1987) have purified
one PI-PLase C activity from the particulate fraction of bovine brain and Lee et al. (1987)
have found PI-PLase C molecules in bovine brain that were distributed between soluble
and particulate fractions. Furthermore, comparison of the sequences of cDNAs encoding
for the three immunologically unrelated enzymes isolated from bovine brain cytosol has
revealed a low overall homology [Suh et al. 1988]. Up until now it is still unclear how
the functions of PI-PLases C are related to cellular signal transduction.

In the present study we demonstrated that GTP7S stimulated the formation of
*H-IP, (Figure V.1). The involvement of a G protein, G,, in the coupling of PI(4,5)P,
PLase C to receptors was suggested some years ago after the first evidence for a role
of aregulatory GTP-binding proteinin PI(4,5)P, breakdown had been produced by studies
with permeabilized cells [Cockcroft and Gomperts 1985]. The possibility exists to characterize
e.g- G, and G, - G proteins involved in receptor-adenylate cyclase coupling - by cholera
toxin- and pertussis toxin-induced ADP-ribosylation, respectively. However, G, appeared
not to be affected by either of these toxins, which has hampered its identification [Michell
and Kirk 1986]. Nevertheless, in some cell types the inhibition of receptor mediated
PI(4,5)P, breakdown by pertussis toxin (PT) has been reported {Graziano and Gilman
1987]. PT is known to inactivate G,, a 41 kD GTP binding protein involved in the inhibition
of adenylate cyclase and subsequently of cyclic AMP formation. With regard to myocardial
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a,-adrenoceptor mediated PI(4,5)P, breakdown the inhibitory action of PT is a controversial
issue [Bohm et al 1987; Steinberg et al 1987). The possibility that PT pretreatment
inhibits P1(4,5)P, breakdown does not directly prove that the substrate is G,. Recently
it has been shown that cyclic AMP mediated the inhibition of GTP7S-stimulated PLase
C activity [Yada et al. 1989]. Therefore the different "o,"-adrenergic agonists used by the
pro-PT-inhibition-group (noradrenaline) and contra-PT-inhibition-group (phenylephrine
combined with propranolol) could explain the difference in results. The PT pretreatment
could allow cyclic AMP to be increased by noradrenaline to a much higher level and
to subsequently inhibit a-adrenergic receptor-G,-mediated PI(4,5)P, breakdown.

The effect of phorbol ester pretreatment of cardiomyocytes on microsomal [PH-]PI(4,5)P,
breakdown

Our previous studies have shown that the phorbol ester PMA (0.01 to 1.0 uM) inhibited
the a-adrenoceptor stimulated formation of [’H-]inositol phosphates in PH-Jmyoinositol
prelabelled neonatal rat cardiomyocytes {Meij and Lamers 1989b]. Our present results
show that the formation of *H-inositol phosphates from exogenous *H-PI(4,5)P, in microsomes
prepared from 0.1 uM PMA pretreated cells is lower. Similar results have been reported
before in other systems [Orellana et al. 1987; Geny et al. 1988; Rittenhouse et al. 1988;
Stutchfield and Cockeroft 1988]. Our previous data led us to propose that PKC may be
the mediator of the PMA-induced inhibition of P1(4,5)P, breakdown. Orellana et al. (1987)
reported that treatment of microsomes with PKC elicited effects similar to those in
microsomes of PMA-pretreated cells, so in this respect our present results support our
earlier proposal.

Based on other reports [Bouvier et al. 1988; Leeb-Lundberg e al. 1988] we suggested
that PKC-mediated phosphorylation of an a,-adrenergic receptor subunit and subsequent
desemnsitization could be at the basis of the inhibition of PI(4,5)P, breakdown. Our present
results partially confirm this suggestion. PMA had no effect on PI(4,5)P, breakdown in
intact nonstimulated cells [Meij and Lamers 1989b], whereas the basal PI(4,5)P,
breakdown in microsomes from PMA treated cells is lower compared to that of untreated
cells. On the other hand, the time-course of inositol phosphate formation in intact
nonstimulated cells showed that even after 60 min incubation the level was unchanged
[Meij and Lamers 1989b], whereas the time-course of basal inositol phosphate formation
in microsomes displays a rise after 10 min (Figure V.1). It seems that, under the used
incubations conditions, in microsomes the basal P1(4,5)P,-PLase C is slightly activated,
whereas in intact nonstimulated cells the PLase C remains inactive. The finding that PMA
pretreatment of cells reduces the basal as well as the GTP7S-stimulated activity of PLase
C in microsomes could indicate that the final target of PMA is PLase C itself and not
G; as Orellana er al. (1987) have suggested. Our allegation is supported by the findings
of Geny et al (1988) and Stutchfield and Cockeroft (1988) which show inhibition by PMA
of GTP7S-as well as of Ca*-stimulated PLase C activity. Thus, the basal PLase C activity
in our study could be due to the presence of calcium.
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Phosphorylation of microsomal substrate proteins by protein kinase C and catalytic subunit
of cyclic AMP dependent protein kinase

The cardiomyocyte microsomes contained one specific substrate protein (15 kD) for the
endogenous protein kinase C. Addition of exogenous PKC, purified from rat brain did
not affect the phosphorylation pattern. This 15 kD protein was shown to be a specific
sarcolemmal protein in dog and rat myocardium by us [Lamers and Stinis 1982] and others
[Manalan and Jones 1982]. In the presence of alamethicin it can act also as a substrate
protein for cyclic AMP-dependent protein kinase. The present observation that phorbol
ester increased the **P-incorporation from 7-“P-ATP induced by endogenous PKC, confirms
recent work of Presti et al. (1985b), Yuan and Sen (1986) and Vetter et al. (1989). Moreover
Presti et al. (1985b) demonstrated that the stimulation by phorbol ester of the 15 kD
phosphorylation was most marked when assayed in the absence of Ca®™. This would mean
that the intrinsic Ca**-dependent PKC can exist in another conformation with different
(Ca*"-independent) properties or that another Ca*'-independent isoform of PKC is present
in the cardiac sarcolemma. Clearcut evidence for this has already been obtained for rat
brain tissue [Malviya et al. 1986], whereas Schaap er al. (1989) showed the expression
of the Ca*-independent PKC-¢ in rat brain, heart and lung tissue.

A rapid increase of *P-incorporation into the 15 kD protein, in positive correlation
with the increase in the maximal rate of developed tension was demonstrated upon $-
adrenergic [Presti et al. 1985a] as well as upon a;-adrenergic stimulation [Lindemann
1986]. 1t is likely that these effects on 15 kD phosphorylation in intact myocardium are
caused by the actions of cyclic AMP-dependent protein kinase and PKC, respectively.
At present there is no study showing effects of phorbol ester on 15 kD phosphorylation
in intact myocardium, but functional changes in the myocardium induced by phorbol ester
have been reported. Limas and Limas (1985) demonstrated that phorbol ester induced
desensitization of B-receptors in myocytes isolated from adult rats, whereas Yuan et al
(1987) have shown that phorbol esters, while activating PKC, induce negative inotropy
and chronotropy in perfused rat heart. All together this indicates that the phosphorylation
of the 15 kD protein does not play a role in the «- or B-adrenergic inotropic response,
but has a general action in down-regulating the adrenoceptor responsitiveness or the
transduction of the adrenergic signal through G proteins.

In conclusion, the experiments described in this report identify phorbol ester effects
on the PI(4,5)P,-PLase C and on PKC, both endogenously present in cardiomyocyte
microsomes. In vitro the microsomal target protein for PKC was shown to be a 15 kD
protein. Also in view of our previous observations [Meij and Lamers 1989b], it may be
hypothesized that phorbol ester down-regulates the a;-adrenoceptor mediated P1(4,5)P,
hydrolysis by activation of PKC-induced 15-kD-protein phosphorylation which affects
adrenoceptor function possibly through alteration of the transducing mechanism.
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Chapter VI

Discrete Interactions Between Phosphatidylethanolamine-N-methylation
and Phosphatidylinositolbisphosphate Hydrolysis in Rat Myocardium

Johanna T.A. Meij, Giovanni Paolillo, Karel Bezstarosti, Pieter D. Verdouw, Vincenzo
Panagia and Jos M.J. Lamers (1989) Mol Cell Biochem, in press.

Abstract
Bothphosphatidylethanolamine(PE)-N-methylationandphosphatidyl-inositolbisphosphate(PI-bisphosphate)
breakdown potentially modify the microdomains in the sarcolemmal lipid bilayer. In this study the possibility
of a mutual interaction between the enzymes responsible for these phospholipid reactions is examined. In
sarcolemma purified from rat heart, prior hydrolysis of PI lipids by exogenous specific phospholipase C
inhibited (to 75, 59 and 78% of control for sites I, II and III, respectively) the PE-N-methyltransferase
system. In cultured rat cardiomyocytes the addition of L-methionine, a precursor for the methyldonor S-
adenosylmethionine, stimulated PE-N-methylation in a concentration (0.2- 300 gM)-dependent manner.
Methionine (50 uM) decreased the basal rate of PI-bisphosphate hydrolysis (to 72% of control), but had no
effect on the phenylephrine-stimulated PI-bisphosphate hydrolysis. Maximal activation of the PI-bisphosphate
breakdown by 30 M phenylephrine did not affect the rate of PE-N-methylation in the presence of exogenous
methionine (50 ©M). These findings support the existence of interactions, although discrete, between the
enzymes involved in the PE-N-methylation and PI turnover.

Introduction

Phospholipids play an important role in maintaining membrane structure and function.
The phospholipid composition of biomembranes is adjusted by a complicated network
of biosynthetic and degradative reactions. Little is known about the interactions between
those reactions. Studies on receptor mediated stimulation of phospholipid metabolism
have centered around two pathways, phosphatidylethanolamine (PE)-N-methylation and
phosphatidylinositol (PI) bisphosphate formation and breakdown. The PI turnover is
affected by a,-adrenergic and muscarinic receptor stimulation [1,2), whereas at present
the proposed B-adrenergic stimulation of PE-N-methylation has not been definitely
clarified in myocardium [3,4]. It has been shown, however, that the rate of PE-N-
methylation in the isolated rat heart is increased by perfusing with exogenous methionine
[5]. Both alterations in PI turnover and PE-N-methylation modify the localized phospholipid
domains in the bilayer [6,7] which may result in changes of membrane protein functions.
Perfusing the myocardium with methionine, in order to stimulate PE-N-methylation, increases
the sarcolemmal and sarcoplasmic reticular Ca®* pumping ATPase activities [8]. Varsanyi
et al. [7] have shown that the sarcoplasmic reticular Ca* transport ATPase is activated
by PI-bisphosphate. Cardiac sarcolemmal Ca’+ pump activity is depressed after treatment
of the membranes with exogenous Pl-specific phospholipase C [10]. Furthermore micromolar
concentrations of guanosine-5-O-(thiotriphosphate) (GTP-7-S), stimulating endogenous
PI-bisphosphate-specific phospholipase C, also inhibits Ca*+ pump activity of rat heart
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sarcolemmal vesicles [11]. Therefore a linkage between phospholipid N-methylation and
PI turnover is plausible because both lipid conversions do affect the Ca®* pump activity
[8-11]. Some studies indeed point to interactions between PE-N-methylation and PI cycle
[12-14].

In the present experiments we studied a possible relationship between S-
adenosylmethionine-stimulated PE-N-methylation and breakdown of PI lipid by exogenous
PI-specific phospholipase C in purified sarcolemmal vesicles. Furthermore the interaction
between methionine-stimulated PE-N-methylation and basal and «,-adrenergic stimulated
PI breakdown was investigated in cultured neonatal rat cardiomyocytes.

Materials and methods
Materials

S-adenosyl-L-(methyl-[H])-methionine (specific activity , 80.6 Ci/mmol) was purchased
from New England Nuclear, Mississauga, Canada. L-[’H-methyljmethionine (specific
activity 70 C,/mmol) and [2-’H-]-myoinositol (specific activity 9 Ci/mmol) were from
Amersham International, Amersham, UK. S-adenosyl-L-methionine was from RBI,
Natick, USA. Standards of phosphatidyl-N-monomethylethanolamine (PMME) and
phosphatidyl-N,N,-dimethylethanolamine (PDME) were obtained from Calbiochem-
Behring, San Diego, USA. Silica 60 F-254 thin layer chromatography plates were
obtained from E. Merck, Darmstadt, FRG. Phenylephrine HCl was from Brocades ,
Delft, The Netherlands. Dowex 1X8 (100-200 mesh formate form) from Biorad Labs,
Richmond, USA. The growth medium : Nutrient mixture Ham F10 (Gibco, Paisley,
Scotland) supplemented with 10% fetal calf serum, 109% horse serum, 200000 U/ml
penicillin, 0.2 g/ml streptomycin which ingredients were all from Boehringer (Mannheim,
FRG). Furthermore 135 mg/ml CaCl,.2H,O was added to this growth medium. Petri dishes
(TC35/10) were from Greiner. Trypsin (type III) was from Sigma, St Louis, USA. Instagel
was from Packard, Groningen, The Netherlands. All other chemicals were obtained from
either Merck, Boehringer and Sigma Chemicals. PI-specific phospholipase C was isolated
from Staphylococcus aureus as described [15]. The enzyme was suspended in 50 mM Tris-
acetate, 3 mM NaN, (pH 7.4) at a concentration of 0.145 mg/ml and stored at -20°C.

Experiments carried out with sarcolemma

Sarcolemmal membranes were prepared from rat myocardium as described previously
[16]. Ouabain-sensitive Na*/K*-ATPase (homogenate and sarcolemmal activities were
1.7 + 03 and 13.1 = 1.1 pmol P .h'.mg", respectively) and 5-nucleotidase (homogen-
ate and sarcolemmal activities amounted to 19.2 + 1.9 and 90.1 = 5.5 nmol P,min".mg
', respectively) were routinely used as sarcolemmal marker enzymes and were measured
according to the procedures outlined in detail elsewhere [17,18]. In other work it was
demonstrated that these sarcolemmal membrane fragments have a receptor-mediated
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modulation pattern of adenylate cyclase which is expected for sarcolemma of cardiac
origin [19]. The sarcolemmal membranes (1 mg of protein) were incubated with 25 ul
of 0.145 mg/ml Pl-specific phospholipase C, equivalent to 3.6 ug catalytic protein/ml,
in a medium containing 0.25 M sucrose, 10 mM Tris HCI (pH 7.4) for 30 min at 37°C.
The samples were cooled at 0°C and centrifuged at 100000 x g for 60 min. The pellet
was washed twice with the sucrose-Tris buffer and resuspended in the same buffer.
Control membranes were treated in the same manner except that phospholipase was
not added. Phospholipid composition of untreated and phospholipase C-treated
sarcolemma was analyzed to check the selective depletion of the PI pool. Extraction of
phospholipids, separation on thin-layer plates and the quantitative estimation of
phosphorus in the perchloric acid digested lipid spots has been described [20]. Phospholipid
methyltransferase was assayed by measuring the incorporation of ["H]-methyl groups into
membrane phospholipids in the presence of S-adenosyl-L-(methyl-["H})-methionine (FH]-
AdoMet) as described [21]. Three different assay conditions were found to be optimal
for testing three catalytic sites in the methylation reaction as well as to be typical for
the synthesis of PMME, PDME and phosphatidylcholine (PC), the major N-methylated
lipid products at sites LII and III, respectively [21]. After incubation, the methylated
phospholipids were extracted with chloroform/methanol/2 N HCI (6:3:1, by volume).
The detailed procedure for the measurement of individual N-methylated phospholipids
has been reported before [21]. The Pl-specific phospholipase preparation was examined
for endogenous protease activity by testing its ability to solubilize a fibrin clot (Boehringer
Mannheim test kit). Protein content was determined by the method of Lowry ef al. [22]
with bovine serum albumin (fraction V) as standard.

Experiments carried out with primary heart cell culture

Cardiomyacytes were isolated from ventricles of 2-4 day old rats by trypsinization
according to Yagev et al. [23] but the enrichment method was modified by two successive
periods of 30 and 90 min of preplating [24]. After 24-26 h incubation (37°C, 5% CO,,
95% humidity) this resulted in a confluent monolayer of beating cardiomyocytes. Experiments
on PE-N-methylation and PI-bisphosphate hydrolysis were done on the third day after
plating. Atleast one hour before the experiment the growth medium above the cells was
replaced by a medium containing 130 mM NaCl, 4.7 mM KCl, 1.3 mM CaCl,, 20 mM
NaHCO,, 0.44 mM NaH,PO, 1.1 mM MgCl,, 0.2% D-glucose (pH 7.4).

For measurement of the incorporation of ["H-Jmethyl groups into phospholipids
of the cardiomyocytes, each dish containing about 1 mg cell protein, was incubated with
0-300 uM L-PH]-methyl]methionine in 120 mM NaCl, 10 mM LiCl, 4.7 mM KCl, 1.3
mM CaCl,, 20 mM NaHCO,, 0.44 mM NaH,PO,, 1.1 mM MgCl,, 0.2% D-glucose (pH
7.4) at 37°C for the indicated times. In some experiments ["H-Jmethyl incorporation (1
min reaction) was measured in control and 30 M phenylephrine stimulated cardiomyocytes.
Prior to incubation for estimation of the rate of PE-N-methylation the cells were
preconditioned to the medium without ["H-Jmethionine for at least 1 h. Incubations were
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terminated by adding 0.5 ml cold methanol. The cells were then scraped from the dishes
using a rubber policeman transferring them to organic extraction tubes. N-Methylated
phospholipid products were extracted by chloroform/methanol/2 N HCI mixture, fractionated
and quantitated as described [21].

To study ["H-]PI-bisphosphate breakdown cardiomyocytes were incubated at 37°C
in 6.7 pCi/ml [2-°’H-]myoinositol in normal incubation medium (total 0.5 ml per dish)
for 30 min. The PI-bisphosphate breakdown was maximally stimulated by adding 30 uM
phenylephrine [24]. Prior to this incubation the cells were incubated for 1 h in the same
medium without [2-H-Jmyoinositol except that various amounts (50 and 300 uM) of
methionine were present. Incubations were terminated by transferring the dish contents
with 0.5 ml cold methanol/13 M HCI (100:1, by volume) to an organic extraction tube.
Another 0.5 ml of acidified methanol was used to wash the dish and finally 1 ml
chloroform and 0.5 ml 2.5 N HCl were added to obtain phase separation. After
centrifugation (10 min, 1770 x g) the labelled inositol monophosphate (IP,), inositol
bisphosphate (IP,) and inositol trisphosphate (IP,) were separated in the aqueous upper
phase by anion exchange using 1 ml Dowex 1X8 per dish as described previously [24].

Statistical analysis

Statistical analysis was performed by the Student’s t test for both paired and unpaired
observations and a probability of <0.05 was considered statistically significant.

Results
Isolated sarcolemmal membranes

Treatment of rat heart sarcolemma with Pl-specific phospholipase C induced an
appreciable (77% of the untreated membranes, see also ref 20) hydrolysis of PI, whereas
the content of all other phospholipid classes remained constant (Table VL.1). The breakdown
of PI-monophosphate and PI-bisphosphate could not be followed because of the presence
of extremely low quantities of these phosphorylated PI intermediates in the sarcolemma,
but it is likely that their hydrolysis was also catalyzed by the phospholipase C preparation
used.

Table V1.2 shows the phospholipid methyltransferase activities for catalytic sites
I, II and II in untreated and phospholipase C-treated sarcolemmal membranes.
Pretreatment of sarcolemma with phospholipase C inhibited each catalytic site although
the strongest reduction was seen at site II (41% compared to 25 and 22% at sites I and
III respectively). It should be noted that in both untreated and phospholipase C- treated
membranes PMME, PDME and PC were the major lipid products formed under site
L, IT and IIT conditions, respectively (results not shown). It could not be excluded a priori
that the methyltransferase inhibition observed in this study could not be due to protease
contamination of the phospholipase C. Endogenous protease activity of the phospholipase



Table VI.1. Phospholipid composition of untreated and Pl-specific phospholipase C-treated
sarcolemma

Class nmol lipid-P/mg protein
untreated treated

Phosphatidylcholine 812 + 44 85.2 + 6.7
Lysophosphatidylcholine 58 + 06 6.1 + 08
Phosphatidylethanolamine 649 = 66 68.5 + 53
Phosphatidylserine 9.6 + 13 8.0 + 07
Phosphatidylinositol 66 = 06 ' 15 = 02
Diphosphatidylglycerol 84 x 11 9.1 + 09
Sphingomyelin 11.5 + 07 12.7 + 12
Phosphatidic acid 3.0 + 02 34 + 04
Others 2.6 = 02 28 +* 02

Sarcolemma isolated from rat heart was incubated with PI-specific phospholipase C at 37°C for
30 min and subsequently centrifuged for washing the membrane pellet. Thereafter the membranes
were analyzed for their phospholipid composition as described in Methods. The values represent
the mean + S.E.M. of three experiments. * denotes significantly different from the untreated
membranes (P <0.05).

Table V1.2. The effect of PI pool depletion on the rates of the PE-N-methyltransferase catalytic
sites I, II and III in cardiac sarcolemma

[PH]-methyl group incorporation into N-methylated phospholipids
(pmol/mg/30 min)

Catalytic

site untreated treated (%)
r 041  * 0.03 031 = 002 75 0+ 5
II 49 = 06 29 £ 03 5 + 10
1 938 =+ 71 741 x 45 78 = 6

Membranes were analyzed for intrinsic PE-N-methyltransferase I, IT and III activities following

incubation at 37°C for 30 min without (untreated) or with (treated) Pl-specific phospholipase

C. For further details see Methods. Values are means + S.E.M. of 5 experiments and represent

the total [’H-Jmethyl incorporation into N-methylated phospholipids (PMME + PDME + PC).
" denotes significantly different from the untreated membranes.
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C preparation was tested by incubating it with fibrin clot. In the enzyme concentration
used in this study, we could not detect any proteolytic activity (detectlon limits were 0.025
with trypsin) on the phospholipase C preparation.

Cultured cardiomyocytes

The rate of incorporation of [PH-]methyl groups from L-[’H-methyl]-methionine into
phospholipids was first examined at various concentrations of L-methionine after a 30
min incubation period (Fig. V1.1). The rate became almost maximal at 300 pM of L-
methionine, a result similar to that found with the Langendorff perfused rat heart [5].
In subsequent experiments it was demonstrated that after 30 min incubation the levels
of ["H-Jmethy! incorporation into phospholipids were not representative for the initial
rates. In fact the data shown in Fig. VI.1 represent steady state values that were reached
after an incubation lasting approximately 2 min. An example of the time course of total
[H)-methyl incorporation at 25 uM L-methionine is shown in Fig. VI.2. It was not
possible to measure accurately the initial rate of incorporation between 0 and 30 sec
because of the inconvenience in handling the cultured cells attached to the dish.
Because of the high total [*H]-methyl incorporation rate it was of interest to know
whether the time course of incorporation into PMME, PDME or PC was different. The

a5 [3H} methyl incorp.(pmol.mg-1)

30

25

20

15F

0 1 1 1 1 1 1
o 50 100 150 200 250 300 350
[L-Methionine} pM

Figure VI.1. Total [PH] methy! incorporation into the phospholipids of cultured cardlomyocytcs as a
function of the [PHJ-L-methionine concentration. The cells were incubated at 37°C for 30 min. Each
point represents the average of duplicate measurements in a typical experiment.
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Figure VI.2. Time-course of formation of total and intermediate [*H] methyl labelled PE phospholipids
during incubation of cultured cardiomyocytes with 25 UM L-methionine. The cells were incubated at
37°C. Each point represents the average of duplicate measurements in a typical experiment.

thin layer chromatographical separated *H-labelled PC and lysoPC spots were taken
together and considered to be representing the PE-N-methylation into PC [25]. Fig. V1.2
shows that nomne of the reaction sites I, I and III had a specific time-course. The same
was true at higher concentrations of L-methionine (not shown).

The possibility of a mutual interaction between PE-N-methylation and PI-
bisphosphate hydrolysis was first investigated by studying the effect of preincubation of
the cells with 50 and 300 M L-methionine on both the basal and phenylephrine-
stimulated PI-bisphosphate breakdown. During preincubation with methionine the PI
pool was also labelled by adding [2-°H-Jmyoinositol to the medium. Previously we
demonstrated that the labelling of PI-bisphosphate was sufficient to obtain an almost
linear rate of inositolphosphate formation over a 30 min incubation period [26]. The
formation of inositolphosphates was taken as the sum of IP, IP, and IP, because in
cardiomyocytes a rapid dephosphorylation of IP, and IP, occurs [24,26]. Li* ions were
present during the incubation at least to prevent dephosphorylation of IP, [24,26]. Fig.
VI3 shows the effects of preincubation of cells with L-methionine on basal and
phenylephrine-stimulated formation of inositoltriphosphates. The basal rate of PI-
bisphosphate hydrolysis was already significantly inhibited at 50 uM L-methionine
(28%), whereas no effect was seen on the o-adrenergic stimulated (30 pM phenylephrine)
reaction. A 6-fold higher concentration of L-methionine did not further
reduce the basal rate of PI-bisphosphate hydrolysis and there was still no effect on the
stimulated response.
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Figure V1.3. The effect of two concentrations of methionine on the rate of PI-bisphosphate hydrolysis
in basal and 30 M phenylephrine-stimulated cultured cardiomyocytes. The columns represent total
inositolphosphate (IP,, IP, and IP;) formation expressed as % from that found when the cells were
incubated in medium without phenylephrine and L-methionine. Values represent the mean + S.E.M.
of 4 separate experiments. ~ P <0.05 versus 0 £M L-methionine.

To further examine a possible interaction between PE-N-methylation and PI-

Table VL3. H]-Methyl incorporation from L-["H-methylJmethionine into PE-N-methylated lipids
of control and phenylephrine(30 pM)-stimulated cultured cardiomyocytes

[*H]-methy! incorporated (pmol.mg’.min™)

PMME PDME PC Total
Control 054 £ 006 044 + 013 148 = 042 249 + 0.58
PhE 051 £ 014 051 + 014 158 = 032 269 + 051

Cultured cardiomyocytes were preincubated at 37°C for 10 min with and without phenylephrine
(PhE, 30 uM) followed by an 1 min incubation with 50 £M L-[H-methyllmethionine in order
to estimate the rate of PE-N-methylation. Total N-methylation represents the sum of PMME,
PDME and PC (see Table IV.2 for further explanation). The values represent the mean =
S.E.M. of 3 experiments.
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bisphosphate hydrolysis the effect of phenylephrine on the rate of PE-N-methylation was
analyzed. As can be seen from Table VL3 there was no effect of phenylephrine on any
methylation site.

Discussion

PE-N-methylation is carried out by a membrane-bound methyltransferase system. The
rapid turnover of the methylated PE intermediates has been implicated in a large
number of receptor-mediated events in various cell types [3,7,12,27]. However, there is
no direct information about these responses in the myocardium [4]. The process is
stimulated in the isolated perfused heart by exogenous methionine [4,5,8)] and in heart
biopsies taken after treating animals with catecholamine [4]. PI is an acidic phosphol-
ipid whose turnover is also stimulated by a variety of receptors [28]. In the myocardium
the PI turnover has been shown to be activated by e.g. o,-adrenergic agonists [1,2,24,26].
Both PE-N-methylation and phosphorylated PI metabolites affect active Ca® transporting
systems (e.g. the sarcolemmal and sarcoplasmic reticulum Ca* pumps, see refs 8-11).
Recently it has been shown that the Ca* pump of rat heart sarcolemma is inhibited when
the endogenous phospholipase C is activated by GTP-7-S [11] or when the membranes
are treated with exogenous PI-specific phospholipase C [10]. Therefore we studied possible
interactions between these two lipid pathways.

Isolated sarcolemmal membranes were depleted of PI by treatment with an
exogenous PlI-specific phospholipase C. The low concentrations of PI-monophosphate
and PI-bisphosphate within the sarcolemma made it impossible to verify their hydrolysis,
but the latter reaction is likely catalyzed by the polyphospho-PI-unspecific phospholipase
C used [29,30]. Moreover during the in vitro incubation the polyphospho-PI pool is
presumably attacked by phosphatases. Depletion of the PI pool in the sarcolemma
preparation resulted in inhibition of the methyltransferase reaction sites I, II and III
(Table VI.2). The inhibition can not be caused by accumulated inositolphosphates (IP,,
IP, and IP;) because the membranes were washed prior to estimation of PE-N-methylation.
Under the conditions employed for PI hydrolysis none of the other phospholipid class
contents were affected. PI is involved in anchoring a diverse group of membrane proteins
which may include methyltransferase(s) [31]. Therefore the inhibition of PE-N-methylation
by PI depletion may be due to a loss of enzyme activity during washing of the membrane
fragments. We have not performed systematically activity measurements in the supernatant
to exclude this possible event. In one experiment we could detect a low site II activity
in the supernatant obtained after phospholipase C treatment of the membranes. In cultured
cardiomyocytes depletion of the PI pool after receptor mediated PI-bisphosphate hydrolysis
does not even occur after 1 h of maximal stimulation [26]. Hence the latter system is
more convenient to investigate possible interactions between PE-N-methylation and PI-
bisphosphate hydrolysis. '

Initially the effect of exogenous L-methionine on PE-N-methylation was
characterized in cultured neonatal cardiomyocytes (Figs. VI.1 and VL.2). At each of the
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sites (I, II and III) the initial rate of PE-N-methylation was extremely fast and reached
a plateau value after about 2 min. The level of this plateau could be increased by
raising the exogenous L-methionine concentrations to 300 uM. The amount of ['H-
Jmethyl incorporation from exogenous L-[’"H-methyl]methionine into PMME, PDME and
PC measured after 20 min incubation was one tenth of that found in the Langendorff
perfused rat heart [S]. The basal rate of PI-bisphosphate hydrolysis was significantly
reduced by 50 pM L-methionine, whereas no effect was seen on the a;-adrenergic
stimulated rate (Fig. VL3). A higher concentration of L-methionine (300 pM) did not
further increase the inhibition of basal rate of PI-bisphosphate hydrolysis. These findings
do not exclude a relationship between PE-N-methylation and PI-bisphosphate hydrolysis.

The isolated rat heart sarcolemma showed an inhibitory effect of PI (including
PI-monophosphate and PI-bisphosphate) depletion on the PE-N-methyltransferase(s).
We therefore expected to see a similar effect in the cultured cardiomyocytes. However,
a,-adrenergic stimulation of PI-bisphosphate breakdown did not affect the initial rate
of ['H-]methyl incorporation from L-"H-methylJmethionine into PMME, PDME and PC
(Table V1.3). Some studies reported an interaction between PE-N-methylation and PI
turnover in mast cells and basophils [12,13]. In contrast with the decreased PE-N-
methyltransferase activity found in isolated sarcolemma upon PI pool depletion, these
studies showed a potentiation of the PE-N-methylation reaction by increased PI-
bisphosphate breakdown. One of the proposed mechanisms is the involvement of protein
kinase C that is stimulated by the product diglyceride formed during PI-bisphosphate
hydrolysis. In agreement with this hypothesis Villalba et al. [14] demonstrated that a partially
purified rat liver PE-N-methyltransferase can be phosphorylated and thereby activated
by rat brain protein kinase C. Previously we obtained evidence that protein kinase C
is activated during o,-adrenergic agonist stimulation of the PI turnover [26]. It may therefore
be possible that protein kinase C activation has masked the PI-bisphosphate breakdown-
induced decrease in methylation which was expected to occur after o;-adrenergic stimulation
of the cardiomyocytes. On the other hand we found that phorbol 12-myristate 13-acetate
which is a potent activator of protein kinase C [32], did not affect the initial rate of PE-
N-methylation in cardiomyocytes (unpublished results). This would indicate that, unlike
liver, PE-N-methylation of neonatal myocardium is insensitive to the protein kinase C-
dependent phosphorylation of membrane protein(s). Thus other factors like a different
intramembranous organization of the two phospholipid pathways at various stages of
postnatal development may explain the diverse interactions of PI breakdown and PE-
N-methylation.

In conclusion, the present results obtained with isolated sarcolemma and cultured
cardiomyocytes support the existence of discrete but significant interactions between the
PE-N-methylation and PI-bisphosphate systems of which the mechanism(s) are unkown.
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Chapter VII

Alterations in Polyunsaturated Fatty Acid Composition of Cardiac
Membrane Phospholipids and «;-Adrenoceptor Mediated
Phosphatidylinositol Turnover

Johanna T.A. Meij, Alessandra Bordoni, Dirk H.-W. Dekkers, Carlo Guarnieri and Jos
M.J. Lamers (1989) Cardiovasc Res, in press.

Abstract

Polyunsaturated fatty acids are involved in several steps of the ;-adrenoceptor mediated phosphatidylinositol
turnover. Rat neonatal ventricular myocytes were incubated for 24 h in culture media supplemented with
linoleic acid (18:2n-6) or eicosapentaenoic acid (20:5n-3) to change the polyunsaturated fatty acid
composition of their membrane phospholipids. In 18:2n-6 treated cells the 18:2n-6 content of the total
phospholipid fraction rose from 45 to 68 nmol.mg protein” and in 20:5n-3 treated cells the 20:50-3 and
docosapentaenoic acid (22:5n-3) contents increased from 1.5 to 12.5 and 5.1 to 14.7 nmol.mg protein™
respectively. The major n-3 fatty acid 22:6n-3 (11.4 nmol.mg protein™) did not change after 20:5n-3 treatment
of the cells. Although the phosphatidylinositol fraction showed changes in 18:2n-6, 20:5n-3 and 22:5n-3
content parallel with those in the total phospholipid fractions, none were significant. In the
phosphatidylinositol fraction 22:5n-3 (0.4 nmol.mg protein™) appeared to be the major n-3 fatty acid. The
fatty acid treated cardiomyocytes were prelabelled with [PH-linositol to estimate the rate of
phosphatidylinositol 4,5-bisphosphate turnover. There were no differences in the rate of [FH-]-
inositolphosphate formation between control, 18:2n-6 and 20:5n-3 treated cells. Prolonged «,-adrenergic
stimulation of control, 18:2n-6 and 20:5n-3 treated cells did not change the polyunsaturated fatty acid
composition of the total phospholipid and phosphatidylinositol fractions. It is concluded that the -
adrenoceptor mediated phosphatidylinositol turnover rate is not affected by the changes in polyunsaturated
fatty acid composition of membrane phospholipids and that prolonged @;-adrenergic stimulation does not
lead to significant depletion of any specific or total polyunsaturated fatty acids in the phosphatidylinositol
lipids.

Introduction

The mammalian myocardium contains two types of adrenergic receptors, the B-type and
the a,-type, in about equal amounts [1]. Intracellularly the B-adrenergic effects are
mediated by an increase in cyclic AMP followed by phosphorylation of specific target
proteins. Analogous to many other tissues the primary effect of myocardial o -
adrenoceptor stimulation is an increased conversion of sarcolemmal phosphatidylinositol
4,5-bisphosphate in inositol 1,4,5-trisphosphate and diacylglycerol by a specific
phospholipase C [2,3]. Both these substances have been reported to act as second
messengers. Inositol 1,4,5-trisphosphate may act by mobilizing Ca** from intracellular
stores [4] and DG by activating Ca**- and phospholipid dependent protein kinase [5].
Although this signal pathway bifurcates, a synergistic relationship between the two limbs
has been demonstrated for the regulation of a whole variety of cellular processes [6].
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Except for the calcium-mobilizing action of inositol 1,4,5-trisphosphate, the general
relationship between inositol lipids and Ca® signalling is still not fully understood. In
contrast to this the function of diacylglycerol as a protein kinase C activator is by now
well-established. It has been shown both in vivo and in vitro that one of the fatty acid
chains of diacylglycerol must be unsaturated for optimal protein kinase C activation
[7,8]. Diacylglycerol is further metabolized by diacylglycerol lipase [9] and
monoacylglycerol lipase thereby functioning as a source of arachidonic acid for
eicosanoid production [10]. The reports that inositol phospholipids in mammalian tissues
are rich in arachidonic acid (20:4n-6) at the sn-2-position [11] support both functional
conditions of diacylglycerol.

Several matters require investigation as to whether a different fatty acid
composition of phosphatidylinositol 4,5-bisphosphate influences the of phospholipase C
activity within the membrane. Information is required on the fatty acid composition of
phosphatidylinositol in myocardium [12] because of its role as precursor for the second
messenger diacylglycerol. Another point of interest is whether the polyunsaturated fatty
acid composition alters after prolonged stimulation of the phosphatidylinositol turnover
as previously we [13] and others [14] have shown that chronic norepinephrine stress in
rats produced an increase in relative content of the polyunsaturated n-3 fatty acid 22:6
and a decrease in 18:2n-6 in the myocardial total phospholipid as well as in the
phosphatidylcholine and phosphatidylethanolamine fractions.

Reibel ef al. [15] reported that fish oil feeding in rats resulted in changes in the
fatty acid composition of myocardial membrane phospholipids. They demonstrated that
dietary fish oil induced alteration of the a- but not of the B-adrenoceptor mediated
changes in cardiac inotropy. Gudbjarnason et al. [14] reported an increased sensitivity
to catecholamine induced damage to the myocardium upon cod liver oil feeding of rats.
Fish oil contains large amounts of polyunsaturated 20:5n-3 and docosahexaenoic acid
(22:6n-3) and in both former reports most dramatic increase was found in these fatty
acid components of the cellular total phospholipid fraction [13-16]. However, the
alterations specifically occurring in the small phosphatidylinositol fraction are yet
unknown. The question arises whether the difference in the ¢,-adrenergic response after
incorporation of those polyunsaturated fatty acids into heart membranes is caused by
alterations in the rate of phosphatidylinositol 4,5-bisphosphate breakdown by the specific
phospholipase C or by an altered diacylglycerol activation pattern of protein kinase C.
Reibel et al. [15] showed at least that fish oil induced changes in prostaglandin
production were not involved.

Recently it was demonstrated that the fatty acid composition of cultured
cardiomyocytes can be modified by addition of fatty acids to the culture medium {17].
Using these primary cultures of beating, neonatal rat ventricular myocytes we have
investigated the rate of a-adrenoceptor mediated phosphatidylinositol turnover after
preincubating the cells with 18:2n-6 or 20:5n-6 -rich culture medium. The total
phospholipid as well as the phosphoinositide pool have been examined for their
polyunsaturated fatty acid composition. Furthermore the fatty acid composition has been
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analysed before and after a-adrenergic stimulation to see whether the membrane total
phospholipids and the phosphatidylinositol fraction are changed with respect to specific
polyunsaturated fatty acids.

Materials and methods
Chemicals

Growth medium: Nutrient mixture Ham F10 (Gibco, Scotland) supplemented with 10%
v/v fetal calf serum, 10% v/v horse serum, 200000 units.litre’ penicillin, 0.2 glitre?
streptomycin (all from Boehringer Mannheim) and 135 mglitre’ CaCl,2H,0; Petri
dishes (TC 35/10) were from Greiner (Niirtingen, FRG) ; trypsin (type III) was from
Sigma as were the 18:2n-6 and 20:5n-3, and boron trifluoride/methanol; standard fatty
acid methylesters and the internal standard 21:0 for the transmethylation reaction were
from Alltech Ass., Inc. (Deerfield USA); [2-’H-]myoinositol was from Amersham
International PLC (Amersham, UK.); [dipalmitoyl-1-“C]-phosphatidylcholine, [L-a-
myoinositol-2-"H(N)]-phosphatidylinositol and [U-*C-Jpalmitic acid were from NEN
(Boston, USA); phenylephrine HCI was from Brocades (Delft, The Netherlands); High
performance thin layer chromatography plates (HP-KF, 200 micron) were from
Whatman (Clifton, U.S.A.), phosphoinositide standard from Sigma (St Louis, U.S.A.),
Dowex 1X8 (100-200 mesh formate form) from BioRad Labs (California, U.S.A.) and
Instagel was from Packard (Groningen, The Netherlands). All other chemicals were of
analytical grade.

Primary heart cell culture

Cardiomyocytes were isolated from the ventricles of 2-4 days old Wistar rats by
trypsinization and grown according to Yagev et al [18]. We applied a modified
enrichment method of two successive periods of 30 and 90 min plating [19,20]. Of the
final suspension containing 9 x 10° myoblasts.litre” , 2 ml were seeded per Petri dish.
After 24-26 h incubation (37°C, 5% CO,, 95% humidity) this resulted in a confluent
monolayer of beating cardiomyocytes. Experiments were started 48 h after seeding when
the growth medium was replaced by conditioned medium.

Cell incubation

At the beginning of each experiment the batch of dishes was divided into three sets,
each set receiving one of the following conditioned media (inositol-free growth
medium): 1) control medium; 2) 18:2n-6 rich medium which was supplemented with 55
pmollitre” free 18:2n-6; 3) 20:5n-3 rich medium which was supplemented with 43
pmol.litre” free 20:5n-3. Because the fatty acids were dissolved in ethanol when added
to the fetal calf serum during preparation of each medium, control medium contained
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an equal concentration (0.3% v/v) of pure ethanol. Furthermore every medium was
supplemented with either 88 nmol.litre’ unlabelled myoinositol or - to study [*H-
Jinositolphosphate formation - 88 nmol.litre” [2-*H-]-myoinositol (1.67 mCi.litre"). The
dishes were then incubated with these media for 24 h (37°C, 5% CO,, 95% humidity).

Cell stimulation

After the 24 h lasting preincubation of the cardiomyocytes in the conditioned culture
media they were rinsed twice with 1 ml buffer (130 mmollitre* NaCl, 4.7 mmol.litre”
KCl, 1.3 mmollitre’ CaCl,, 20 mmol.litre’ NaHCO,, 0.44 mmollitre® NaH,PO,, 1.1
mmollitre* MgCl,, 0.2% w/v D-glucose, pH 7.4, equilibrated at 37°C with 5% CO, at
95% humidity) and equilibrated in this buffer for 30 min. Then LiCl was added to a
final concentration of 10 mmol.litre®. After another 10 min of preincubation 30
pmollitre” phenylephrine or buffer was added to a final volume of 1 ml. Incubations
were terminated after 30 min by rinsing with 0.5 ml cold buffer followed by addition of
0.5 ml cold methanol for the separation of the total phospholipid fraction according to
Bligh and Dyer [21]. The cells were scraped using a rubber policeman and suspensions
of 2 dishes were collected in one glass tube. The dishes were rinsed once more with 0.5
ml of cold methanol, which was transferred to the same glass tube. Then 0.5 ml
chloroform per number of dishes was added and the extract kept at -20°C overnight.
The phases were separated by adding 0.5 ml of 0.9% w/v NaCl and 0.5 ml chloroform
per dish of cells and centrifuged (10 min, 1770 x g). For separation of the
phosphatidylinositol lipids extracts from 4-6 dishes of cells were collected with cold
methanol/ 12 mollitre’ HCl’nd to obtain two phases 2.5 mmol.litre® HCI instead of
NaCl was added as described [20]. Trace amounts of labelled phosphatidylinositol
(13000 dpm per extraction) were added to record its recovery during extraction and thin
layer separation. Similarly for the estimation of the recovery of total phospholipid we
added trace amounts of labelled phosphatidylcholine (19000 dpm per extraction). The
organic (lower) phases obtained from the extracted cells were evaporated to dryness
with N, and redissolved in a small volume of organic solvent for further separation of
total phospholipids or phosphoinositides (see later).

Following the Bligh and Dyer [21] extraction method, 0.75 ml of each conditioned
medium was extracted with 2.0 ml methanol/chloroform (1:1v/v) to check the fatty acid
composition of the nonestrified fatty acid fraction and of the total lipid fraction. In the
latter case no separation was performed as the fatty acids of triglycerides, phospholipids
and cholesterolester altogether were transmethylated. To estimate the recovery of fatty
acids in the nonesterified fatty acid fraction trace amounts of labelled palmitic acid
(80000 cpm per extraction) were added.

Separation of phospholipids and quantitation of fatty acid methylesters
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Phospholipids and nonesterified fatty acids were separated from other lipids by thin
layer chromatography using hexane/diethylether/acetic acid (60:40:1 v/v) as solvent
system. The phospholipid spot remaining at the origin was scraped off. The
nonesterified fatty acid spot (R, about 0.25) was localized using parallel running
standards and scanning for “C-counts of the added tracer [U-"C]-palmitic acid. For
separation of the phosphoinositides the dried organic phases were redissolved in
methanol/chloroform/water (25:75:2 v/v) and spotted on high performance thin layer
chromatography (HPTLC) plates previously impregnated with 19 potassiumoxalate in
methanol/water (2:3 v/v) and activated (15 min, 110°C). The plates were developed in
chloroform/acetone /methanol/acetic acid/water (40:15:13:12:8 v/v) as described [22].
The phosphatidylinositol spot was visualized with iodine vapour and identified by
comparison with cochromatographed standard and by scanning for *H-counts of the
added tracer *H-phosphatidylinositol. In both solvent systems 0.02% w/v butylated
hydroxytoluene was included to avoid oxidation of fatty acids.

After extraction of the scraped spots (total phospholipids, phosphatidylinositol or
nonesterified fatty acids) 21:0 fatty acid was added (40, 10 and 10 nmol, respectively)
as an internal standard for the transmethylesterification reaction and the extracts were
dried under N, The phospholipids were transmethylesterified using boron
trifluoride/methanol and gaschromatographed to determine their fatty acid composition
as previously described [13]. For the gaschromatographic separation of the fatty acid
methylesters a Pye Unicam 102 equipped with a CP-Sil 88 (WCOT) capillary column
(Chrompack, Delft, The Netherlands) and carrier gas N, were used. The separated
peaks were identified on the basis of their retention times as compared to standards.

Assay of [H-]inositolphosphates

For studying the rate of phosphatidylinositol 4,5-bisphosphate hydrolysis the [2-°H-
Jmyoinositol prelabelled cells (see before) were used and as initial step for the
separation of water soluble *H-inositolphosphates a lipid extraction as described for
phosphatidylinositol lipids was applied. The lower phase, containing the phospholipids
(including the °*H-labelled phosphoinositides) was discarded, although in a few
experiments these extracts were further separated by HPTLC for tracing the °H-
phosphatidylinositol 4,5-bisphosphate spot to analyse its fatty acid pattern.

The upper phase was diluted 5 times with distilled water. The inositolphosphates
were separated by anion exchange using 1 ml Dowex 1X8 based on the method
described by Berridge er al. [23]. Briefly, free inositol and glycerophosphoinositides were
eluted with 20 ml distilled water and 10 ml 5 mmollitre’ disodiumtetraborate in 30
mmol.litre” Na-formate respectively. Inositolmonophosphate, inositolbisphosphate and
inositoltrisphosphate were eluted altogether with 10 ml 1 mollitre’ ammoniumformate
in 0.1 mollitre* formic acid. One volume of the eluate was mixed with two volumes
Instagel and counted for radioactivity by liquid scintillation (Tri-carb 2660 from Packard,
Groningen, The Netherlands).
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Statistical analysis

All data are expressed as means * S.E.M.. Statistical analyses for multigroup
comparisons were done by analysis of variance and Bonferroni t-test. Comparisons
between stimulated and unstimulated cells were done using Student’s t-test. P <0.05 was
considered significant.

Results
Total and phosphatidylinositol lipids of unstimulated cells

The respective fatty acid additions to the culture medium resulted in relatively higher
18:2-n-6 or 20:5n-3 contents. Table VIL.1 shows the total and nonesterified fatty acid
content in pmol.litre” of the three culture media. The supplementation of the media
with nonesterified fatty acids only moderately changed the total fatty acid content. The
latter pool of fatty acids is mainly comprised of triglyceride, cholesterolester and
phospholipid present in the lipoproteins of the added sera. It is, however, important to
note that the nonesterified fatty acid pool (Table VIL.1), constituting 2 to 3 % of the
total fatty acid pool, has been found to be the major source of lipid for the cultured
cells [24]. As can be seen in the nonesterified fatty acids a dramatic change occurred
in 18:2n-6 or 20:5n-3 contents.

The data of Table VIL2 present the fatty acid contents in nmol.mg protein” of the
total phospholipid fraction of unstimulated cells. No change in total fatty acid content
occurred after either treatment of cells. As expected the 18:2n-6 treated cells showed
a significant increase in 18:2n-6 content in comparison with control and 20:5n-S treated
cells. The increase in 18:2n-6 content was not accompanied by an increase in the 18:2n-
6 derived arachidonic acid (20:4n-6). Rather the latter fatty acid had the tendency to
decrease.

The 20:5n-3 treated cells showed a significant increase in 20:5n-3 and
docosapentaenoic acid (22:5n-3) contents compared with control and 18:2n-6 treated
cells (Table VIL.2). The content in the major n-3 fatty acid 22:6n-3 did not change after
20:5n-3 treatment of the cells. Consequently, the n-3/n-6 ratio was significantly higher
in 20:5n-3 treated than in control and 18:2n-6 treated cells. Apparently elongation of
20:5n-3 has occurred due to 20:5n-3 treatment of the cardiomyocytes, because only small
and almost similar amounts of 22:5-n-3 were present in the control, 18:2n-6- and 20:5n-
3-rich medium (Table VIL1).
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Table VIL.1. Total and nonesterified fatty acid composition of conditioned media

Concentration (mollitre™)*

Fatty acid control 18:2n-6 rich 20:50-3 rich

medium medium medium

Total NEFA Total NEFA Total NEFA
16:0 220.9 9.8 218.5 93 2272 9.6
18:0 2263 59 1934 5.1 216.4 57
18:1 2211 7.5 218.5 7.4 239.0 8.1
18:2n-6 4104 59 484.1 474 398.7 58
20:4n-6 194 0.2 226 03 221 03
20:5n-3 n.d.c nd. nd. n.d. 374 458
22:4n-6 n.d. n.d. n.d. n.d. 1.5 n.d.
22:5n-3 52 n.d. 53 n.d. 58 n.d.
22:6n-3 6.5 n.d. 15 n.d. 7.7 n.d.
% PUFA® 4415 6.2 519.5 477 4732 51.9

*Values represent concentrations of fatty acids in the total lipid fraction (phospholipids, triglycerides,
cholesterolesters and nonesterified fatty acids) and in the nonesterified fatty acid (NEFA) fraction, extracted
from the conditioned media.

°% PUFA represents the sum of all polyunsaturated fatty acids.

“n.d. means "not detectable”.

There was no significant decrease in 18:2n-6 and 20:4n-6 contents due to 20:5n-3
treatment of the cells (Table VIL.2) like it is usually found in myocardium after dietary
20:5p-3 treatment [12-16]. Despite the relative increase in polyunsaturated 18:2n-6 and
20:5n-3 as well as 22:5n-3 contents in the total phospholipid fraction of 18:2n-6,
respectively 20:5n-3 treated cells, there was no significant change of the sum of all
polunsaturated fatty acids (= PUFA) nor of the saturated over unsaturated fatty acid
ratio (Sat/unsat) compared to control treated cells (Table VIL2).

The fatty acid content of phosphatidylinosito] fraction was at many points different
from that of total phospholipid fraction. E.g in control treated cells the
phosphatidylinositol fraction contained more mol % of 18:0 (34.2 vs 21.5) and less of
18:2n-6 (7.8 vs 13.8), 20:4n-6 (10.1 vs 14.7), 22:4-n-6 (not-detectable vs 1.6) and 22:6n-
3 (0.5 vs 3.2) than the total phospholipid fraction, which gives it a much higher
saturated over unsaturated fatty acid ratio (Tables VIL2 and VIL3). At any rate its
relative 20:4n-6 content is surely not higher than that of the total phospholipid fraction.
Calculated from the total fatty acid contents the phosphatidylinositol fraction represents
about 6 mol % of total phospholipids (Tables VIL.2 and VIL3).

As a consequence of 18:2n-6 or 20:5n-3 treatment the phosphatidylinositol fraction
showed, like the total phospholipid fraction, increases in 18:2n-6 and 20:5n-3 as well as
22:5n-3 contents, respectively (Table VIL3). However, unlike the total phospholipid
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Table VIL2. Total phospholipid fatty acid composition of unstimulated cardiomyocytes preincubated with
media mainly varying in 18:2n-6 and 20:5n-3 contents

Content (nmol.mg protein™)®

Fatty acid® control 18:2n-6 rich 20:5n-3 rich
medium medium medium

16:0 5.7 2.8) 663 (2.8) 62.7 (3.7
18:0 745 (3.8) 73.1 (53) 732 (5.4)
18:1 479 (3:3) 41.7 (2.4) 209 (2.5)
18:2n-6 454 (4.1) 676 (6.4)* 26 (32)
20:4n-6 510 (4.8) 433 (4.5) 48.0 (5.4)
20:5n-3 15 0.4) 0.9 (0.3) 125 sy
22:4n-6 5.6 (1.2) 56 1.1 4.0 (1.1)
22:5n-3 5.1 (1.1) 4.1 0.8) 14.7 .4y
22:6n-3 11.2 (13) 89 1.4 11.4 (22)
Others® 389 (16.2) 352 (13.8) 339 (13.4)
= PUFA® 122.4 (14.3) 133.5 (16.0) 1383 17.5)
Sat/unsat’ 0.82 (0.06) 0.94 0.11) 0.74 (0.04)
N-3/n-6° 0.20 (0.02) 0.14 (0.02) 0.45 (0.03)°

*Values represent the mean (S.E.M.) of 7 determinations of the fatty acid content of the total phospholipid
fraction in each group of fatty acid treated cardiomyocytes.

°Only major fatty acids are listed. The sum of minor fatty acids is listed and termed "others". E.g. "others"
for phospholipids of control cells represents the sum (nmolmg protein™) of 14:0, 2.0 (1.0); 16:0
dimethylacetal, 6.7 (1.5); 18:0 dimethylacetal, 2.9 (1.4); 16:1, 14.3 (4.8); 18:3n-3, 2.6 (1.4); 22:0, 2.5 (1.3); 22:1,
7.4 (44); 20:50-6, 0.1 (0.1); 24:0, 0.4 (0.2) and 24:1, 0.2 (0.2).

‘2 PUFA means the sum of all polyunsaturated fatty acids.

“Sat/unsat is the ratio of the total nmol of saturated fatty acids over the total nmol of unsaturated fatty acids.
°N-3/n-6 is the ratio of the total nmol of n-3 fatty acids over the total nmol of n-6 fatty acids.

‘P £ 0.01 vs control and 18:2n-6 treated cells; *P < 0.05 vs control and P < 0.01 vs 20:5n-3 treated cells.

fractions nome of these changes were significant. What is interesting is that the
elongated derivative 22:5n-3 constitutes the main part of the n-3 fatty acids in the
phosphatidylinositol fraction, even after the 20:5n-3 treatment of the cells.

Phosphatidylinositol turnover rate in fatty acid treated cells

The cardiomyocytes pretreated with control medium, 18:2n-6 and 20:5n-3 rich medium
were tested for the basal and «-adrenoceptor stimulated phosphatidylinositol 4,5-
bisphosphate breakdown. The illustrated *H-inositolphosphate production (Fig VIL1)
represents the sum of *H-inositol mono-, bis- and trisphosphate formation. Previously
we demonstrated that the major inositolphosphate formed is the monophosphate due
to rapid breakdown of tris- and bisphosphate by phosphatases during incubation {20].
No significant differences in basal or in phenylephrine (30 wmollitre™) stimulated
inositolphosphate formation between the three groups of fatty acid treated cells were
observed (Fig VIL1). The inositolphosphate formation was measured over a time period
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Table VIL3. Phosphatidylinositol fatty acid composition of unstimulated cardiomyocytes preincubated with
media mainly varying in 18:2n-6 and 20:5n-3 contents

Content (nmol.mg protein™)*

Fatty acid® control 18:2n-6 rich 20:5n-3 rich
medium medium medium
16:0 48 0.9) 56 ©.6) 52 0.7
180 64 (0.9) 52 (0.4) 59 (0.4)
181 27 {0.4) 25 (0.4) 27 (0.7)
18:20-6 15 (03) 18 (0.4) 12 (02)
20:4n-6 19 (0.4) 17 (0.1) 15 (0.4)
20:5n-3 n.df nd. 0.2 0.1)
22:4n-6 n.d. nd. 0.1 0.1)
22503 04 ©02) 0.5 ©2) 07 (02)
22:6n-3 0.1 (0.1) n.d. n.d.
Others® 10 (0.5) 15 (0.4) 13 (0.4)
T PUFA® 38 (0.5) 400 0.5) 38 ©.7)
Sat /unsat® 1.80 (0.12) 1.89 (0.33) 17 (0.23)
N-3/n6° 0.14 (0.05) 0.15 (0.08) 033 (0.09)

*Values represent the mean (S.E.M.) of 6 determinations of the fatty acid content of the phosphatidylinositol
fraction in each group of fatty acid treated cardiomyocytes.

°Only major fatty acids are listed. The sum of minor fatty acids is listed and termed "others". E.g, "others"
for phosphatidylinositol of control cells represents the sum (nmol.mg protein’) of 14:0, 0.4 (0.3); 16:0
dimethylacetal, 0.2 (0.2); 22:1, 0.1 (0.1); 24:0, 0.1 (0.1) and 24:1, 0.2 (0.1).

°Z PUFA means the sum of all polyunsaturated fatty acids.

“Sat/unsat is the ratio of the total nmol of saturated fatty acids over the total nmol of unsaturated fatty acids.
°N-3/n-6 is the ratio of the total nmol of n-3 fatty acids over the total nmol of n-6 fatty acids.

‘n.d. means "not detectable".

of 30 min. Earlier it was demonstrated by us that the rate of inositolphosphate
formation decreases after prolonged (30-60 min) ¢,-adrenergic stimulation [25] due to
downregulation of the receptor mediated phosphatidylinositol 4,5-bisphosphate
hydrolysis. Therefore in the present work also some experiments with shorter time
periods (6 min) were carried out. However, no effect of 18:2n-6 or 20:5n-3 treatment
of the cells was seen either (not shown).

Effect of prolonged a-adrenergic stimulation on fatty acid composition of cellular
phospholipids

After 30 min of maximal phosphatidylinositol turnover rate, induced by phenylephrine
(30 pmol.litre™), the total phospholipid polyunsatured fatty acid contents of control,
18:2n-6 and 20:5n-3 treated cells did not change (Tables VII.2 and VIL.4). The sum of
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Table VIL4. Total phospholipid fatty acid composition of «-adrenoceptor stimulated cardiomyocytes
preincubated with media mainly varying in 18:2n-6 and 20:5n-3 contents

Content (nmol.mg protein™)*

Fatty acid® control 18:2n-6 rich 20:5n-3 rich
medium medium medium

16:0 65.9 (39) 73.6 6.7) 66.4 39
18:0 832 43) 717 59) 753 (42)
18:1 485 (39) 430 (3.0) 494 (33)
18:20-6 435 (3.6) 66.9 (9.8 4238 (4.3)
20:4n-6 53.7 (5.8) 39.7 (3.0 441 (4.0)
20:5n-3 0.8 (0.4) 02 (02) 107 (18)’
22:4n-6 7.6 (0.8) 2.6 (L3) 63 (1.4)
22:50-3 49 (1.2) 6.4 (13) 133 %))
22:6n-3 11.2 (2.4) 6.9 (0.9) 94 (1.3)
Others” 281 (8.8) 29.9 ©.7n 28.9 (10.7)
£ PUFA® 1246 (153) 1269 (17.8) 1312 (16.6)
Sat/unsat* 0.88 (0.05) 0.92 (0.08) 0.82 (0.06)
N-3/n-6° 0.18 (0.03) 0.17 (0.04) 0.40 (0.04)

*Values represent the mean (S.E.M.) of 6 determinations of the fatty acid content of the total phospholipid
fraction in each group of fatty acid treated cardiomyocytes.

®Only major fatty acids are listed. The sum of minor fatty acids is listed and termed "others" (See legend to
Table VII.2 for further specification).

‘2 PUFA means the sum of all polyunsaturated fatty acids.

“Sat/unsat is the ratio of the total nmol of saturated fatty acids over the total nmol of unsaturated fatty
acids.

°N-3/n-6 is the ratio of the total nmol of n-3 fatty acids over the total nmol of n-6 fatty acids.

P £ 0.01 vs control and 18:2n-6 treated cells; *P < 0.05 vs control and P < 0.01 vs 20:5n-3 treated cells.

all polyunsaturated fatty acids also remained constant after either treatment. Also no
significant change was seen in contents of any specific component or the sum of
polyunsaturated fatty acids of the phosphatidylinositol lipid fraction after «-
adrenoceptor mediated phosphatidylinositol 4,5-bisphosphate hydrolysis over a 30 min
incubation period (compare Tables VIL3 and VILS). Attempts were made to measure
the fatty acid content of phosphatidylinositol-4,5-bisphosphate with and without a,-
adrenergic stimulation by extracting the separated phospholipid from the high
performance thin layer chromatography (HPTLC) plates. However no accurate fatty
acid analysis could be undertaken because phosphatidylinositol 4,5-bisphosphate
represents a too small fraction of the membrane phospholipid pool and some impurities
appeared to have mobilities on HPTLC which were close to that of phosphatidylinositol
4,5-bisphosphate.
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Table VILS. Phosphatidylinositol fatty acid composition of «radrenoceptor stimulated cardiomyocytes
preincubated with media mainly varying in 18:2n-6 and 20:5n-3 contents

Content (nmol.mg protein™)*

Fatty acid® control 18:2n-6 rich 20:5n-3 rich

medium medium medium

16:0 50 0.6) 6.1 (0.7) 4.7 (0.6)
18:0 64 (0.8) 55 (0.9) 6.5 (0.5)
18:1 23 0.3) 2.8 (0.7) 23 (0.3)
18:2n-6 13 (0.1) 13 0.2) 1.6 0.4)
20:4n-6 19 (0.4) 16 (0.5) 1.7 0.4)
20:5n-3 nd.f nd. 0.1 ©0.1)
22:4n-6 nd. n.d. n.d.

22:5p-3 0.4 0.2) 03 0.1) 04 0.1)
22:6n-3 0.2 (0.1) 0.1 (0.1) 0.1 0.1)
Others® 11 0.4) 1.0 (0.4) 13 (0.5)
% PUFA® 39 (0.6) 33 (0.5) 44 1.0
Sat/unsat’ 2.15 (0.39) 1.96 (0.23) 2.06 (0.40)
N-3/n-6° 0.13 (0.10) 0.11 (0.04) 031 (0.10)

*Values represent the mean (S.E.M.) of 6 determinations of the fatty acid content of the phosphatidylinositol
fraction in each group of fatty acid treated cardiomyocytes.

®Only major fatty acids are listed. The sum of minor fatty acids is listed and termed "others" (See legend
to Table VIL3 for further specification).

% PUFA means the sum of all polyunsaturated fatty acids.

“Sat/unsat is the ratio of the total nmol of saturated fatty acids over the total nmol of unsaturated fatty
acids.

‘N-3/n-6 is the ratio of the total nmol of n-3 fatty acids over the total nmol of n-6 fatty acids.

‘n.d. means "not detectable”

Discussion

Polyunsaturated fatty acids are involved in several steps in the a,-adrenoceptor mediated
phosphatidylinositol turnover. These fatty acids are present: 1) in the phospholipid
bilayer in which the a,-adrenergic receptor and phospholipase C are embedded; 2) in
the substrate phosphatidyl-4,5-bisphosphate for the phospholipase C; 3) in diacylglycerol,
the natural activator of protein kinase C; 4) as free 20:4n-6 and 20:5n-3 which both are
substrates for cyclooxygenase in the prostaglandin synthesis. Some recent reports
indicated that a diet enriched in n-3 polyunsaturated fatty acids produces changes in the
response of the heart to catecholamines, particularly in the a,-type [13-15]. Stimulation
of a,-adrenergic receptors has been shown to increase the rate of phosphatidylinositol
turnover in myocardium which results in formation of inositol trisphosphate and
diacylglycerol. The latter intermediates most probably are the intracellular messengers
producing the biological effects of the catecholamine [3,15,20,25]. Therefore the purpose
of the present study was to obtain a homogeneous culture of cardiomyocytes with a
varying polyunsaturated fatty acid profile of their membrane phospholipids to study the
influence on the a;-adrenoceptor mediated phosphatidylinositol turnover. An almost
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Figure VII1. The effect of preincubation of cardiomyocytes with media mainly varying in 18:2n-6 and
20:5n-3 contents on the rate of basal and ¢;-adrenoceptor mediated phosphatidylinositol-4,5-
bisphosphate breakdown. The incubation time was 30 min and the phenylephrine concentration was
30 pmollitre™. The columns represent the mean (+ S.E.M.) total [*H]-inositolphosphate formation
(PH-]inositol mono-, bis- and trisphosphate) of 5 experiments. "P < 0.05 vs corresponding basal {*H]-
inositolphosphate formation.

homogeneous culture of cardiomyocytes was used to avoid the problem of contribution
by other cell types with active phosphatidylinositol turnover like e.g. the smooth muscle
cell

As a consequence of supplementation of the medium with fatty acids the cellular
phospholipid fatty acid composition changed (Tables VII.2 and VIL.3). More dramatic
changes were found by Hasin e al [28], but in this study the sera offered to the cells
were first delipidated to less than 2% of the original lipid content followed by addition
of nonesterified fatty acids. In addition rather long culture periods (12-16 days) were
used. Delipidation may be less suitable as essential factors for optimal growth are lost
and if cells are aged in culture the outgrowth of other cell types like fibroblasts and
endothelioid cells becomes more likely [18,25]. In the study of Grynberg et al. [17], who
composed synthetic media of nonesterified fatty acids complexed to albumin in the
absence of sera, somewhat larger changes in the n-3/n-6 ratios than in the present work
were seen (control 0.16, n-6 fatty acid rich medium 0.05 and n-3 fatty acid rich medium
0.71). However, in the former study the main n-3 fatty acid offered to the cells was
18:3n-3, which is very well incorporated into the phospholipids however hardly
desaturated to 20:5n-3 [17]. The present work was carried out in the light of the results
of Reibel ef al. [15], who found changes in 20:5n-3, 22:5n-3 and 22:6n-3. The changes
in 20:5-n-3 and 22:5n-3 presently observed are, although less, in similar direction. It
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should be noted that, because of the absence of 22:6n-3 in the medium, in the present
study no change in 22:6n-3 content in the myocyte phospholipids was found. It has been
reported before that in many types of cultured cells a medium too rich in nonesterified
fatty acid leads to accumulation of triglyceride within the cells [24]. The accumulation
becomes visible as cytoplasmic inclusions [24,29]. This kept us from adding higher
concentrations of nonesterified fatty acids to the medium to induce more dramatic
changes in the fatty acid composition of the phospholipids. But, as can be calculated
from Table VIL1, in our experiments the total nonesterified fatty acid pool in the media
used, varied between 30 and 75 pmollitre®, which is lower than the albumin
concentration (approximately 125 pmollitre®). This should prevent fatty acid toxicity
because previously we demonstrated that cardiac sarcolemmal membrane integrity
(Ca*- and Na'-permeability; Na*/Ca* -antiporter, Ca**-ATPase and Na'/K*-ATPase
activities) become affected when the nonesterified fatty acid over albumin ratio
surpasses 5 [30,31].

It is unlikely that the increased concentration of nonesterified polyunsaturated fatty
acids during the 24 h pretreatment of the myocytes activated protein kinase C and that,
upon this, further activation due to Ca*-dependent proteolytic cleavage occurred. The
simultaneous presence of high intracellular concentrations of an unsaturated fatty acid
(18:1n-9, 18:2n-6 and 20:4n-6 >50 pmol.litre”), of diglyceride (3 pmol.litre') and of Ca*
( >500 pmollitre?) are required [32-35]. The situation is certainly not like that under
the 24 h pretreatment conditions employed in this study. Moreover our previous finding
that phorbol ester activation of protein kinase C induced a marked inactivation of «-
adrenoceptor mediated phosphatidylinositol 4,5-bisphosphate breakdown [25] does not
comply with the present observation that the phosphatidylinositol 4,5-bisphosphate
breakdown is unaffected by fatty acid treatment of the cells (Figure VIL1).

As can be derived from the changes in the total phospholipid fatty acid content
induced by 18:2n-6 and 20:5n-3 there was no preferential incorporation (Table VII.2).
This was unlike the results obtained by Reibel et al. [15] who fed rats cornoil (18:2n-
6-enriched) or fishoil (enriched in 20:5n-3 and 22:6n-3) diets: the myocardial
phospholipid fatty acid composition was affected more by the fishoil diet than by the
cornoil diet. The cultured cardiomyocytes appear to elongate 20:5n-3 to 22:5n-3
analogous to the in vivo study [15].

The present study also shows the fatty acid content of the cellular
phosphatidylinositol fraction of the membrane phospholipids. Since cellular
phosphatidylinositol is believed to be in rapid metabolic equilibrium with
phosphatidylinositol 4,5-bisphosphate, it is expected that these lipids share the same
fatty acid profile. The reason why measurements of the fatty acid content of
phosphatidylinositol 4,5-bisphosphate has not been undertaken is that it represents less
than 0.1% of the total phospholipids in the cell. Our results on phosphatidylinositol fatty
acid composition show that 20:4n-6 is not enriched in this lipid fraction. This is a
remarkable finding because several authors have put forward that the sn-2 position of
the cellular phosphoinositides is usually 20:4n-6 because of their function to release this
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fatty acid in the form of diacylglycerol after stimulation of the phosphatidylinositol
turnover [35-37]. However, during hormonal stimulation there may be a preferential
degradation of phosphatidylinositol 4,5-bisphosphate species containing 20:4n-6 or the
phosphatidylinositol kinase may have specificity for phosphatidylinositol species
containing 20:4n-6. Convincing evidence in isolated hepatocytes for the latter proposal
has been presented recently [26]. Previously we have shown that there is no change in
total amount of (labelled) phosphoinositides due to 30 minutes of a,-adrenergic
stimulation of phosphatidylinositol turnover [25]. The present results confirm this finding
as there is no change in total phospholipid or phosphatidylinositol fatty acid contents
after prolonged phenylephrine stimulation of the cardiomyocytes. A change in
phosphatidylinositol fatty acid composition during stimulation would be likely to occur
because the breakdown of polyphosphoinositides should be compensated by
phosphorylation of phosphatidylinositols which in turn are replaced by freshly
synthesized molecules. Therefore it was interesting to find out whether the content of
20:4n-6 or another polyunsaturated fatty acid was selectively depleted after long term
stimulation of phosphatidylinositol turnover. In the present study no significant depletion
of any of the polyunsaturated fatty acids occurred in o,-adrenergic stimulated
cardiomyocytes, not even in the total phospholipid fatty acids. Previously, we [13] and
others [14] have shown that chronic norepinephrine stress in rats resuited in an increase
in the 22:6n-3 content and a decrease in the 18:2n-6 content of the total phospholipid
fraction. This effect may be purely B-adrenergic, but that should be tested using a 8-
adrenergic agonist in the cultured cardiomyocytes.

The rate of basal and a-adrenoceptor mediated phosphatidylinositol turnover was
not affected by the changes either in the total phospholipid or in the
phosphatidylinositol fatty acid composition, induced by preincubation of the
cardiomyocytes with different polyunsaturated fatty acids (Fig VIL.1). Although the
changes in fatty acid composition (including the n-3/n-6 ratios) were not exactly similar
to those induced in intact rat heart, our results suggest that inotropic changes as found
by Reibel et al [15] do not result from changes in the rate of phosphatidylinositol
turnover. It is more likely that these inotropic changes are generated at the level of
diacylglycerol activation of protein kinase C or at the level of the inositol trisphosphate
modulation of transmembrane Ca* fluxes.
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Chapter VIII

General Discussion

In the studies described in this thesis cultured neonatal rat cardiomyocytes were used
as a model to investigate the myocardial o,-adrenoceptor mediated phosphatidylinositol
4,5-bisphosphate (P1(4,5)P,) breakdown. After this process had been studied in cultured
cells, 2 more detailed study of PI(4,5)P,-specific phospholipase C (PI(4,5)P,-PLase C)
and protein kinase C (PKC) was carried out in microsomes prepared from the cultured
cells. Some advantages of the cultured neonatal rat cardiomyocytes over other available
models, which are detailed in Chapter II, were exploited further. The cardiomyocyte
culture permitted the introduction into the medium of physiological substances that
induced certain changes the cellular membrane lipids. The effects of increased rate of
PE N-methylation and of altered phospholipid fatty acid composition on PI(4,5)P,
breakdown and vice versa were studied.

VIIL1 Transduction of the o,-adrenoceptor signal
1.1 Alpha,-adrenoceptor mediated PI(4,5)P, breakdown

Our finding that mammalian myocardial a,-adrenergic receptors are coupled to the
phosphoinositide cycle, as described in Chapter III, has been confirmed by the reports
of others, although different approaches and a wide variety of models were employed
[Uchida er al. 1982; Brown et al. 1985; Otani et al. 1986; Poggioli ef al. 1986; Steinberg
et al. 1987; Woodcock et al. 1987a,b and ¢; Okumura et al. 1988; Otani et al. 1988;
Scholz et al. 1988]. For instance, Okumura et al. (1988) have demonstrated that a,-
adrenergic stimulation results in DG formation. Not surprisingly, the characteristics of
PI(4,5)P, breakdown that have been reported are also varying. A decrease in P1(4,5)P,
concomitant with an increase in IP, upon o,-adrenergic stimulation has been reported
after 15 sec in isolated heart [Poggioli e al. 1986], and after 30 sec in bathed papillary
muscle [Otani et al. 1988] and left auricles [Scholz et al. 1988]. In perfused rat heart,
stimulated for 15 sec, mainly IP, was found [Woodcock 1987b]. Longer stimulation
periods produced predominantly IP, in all models. In our studies it was difficult to
employ stimulation periods of less than one minute without creating changes in the
temperature and pH during incubation. However, finding mainly IP, as the
inositolphosphate formed after 1 to 30 min of a;-adrenoceptor stimulation does agree
with the afore-mentioned reports. As discussed in Chapter III and IV, IP, is probably
the product of rapid IP,-dephosphorylation. The fact that upon stimulation of the
PI(4,5)P,-specific PLase C in microsomes prepared from cultured neonatal rat
cardiomyocytes, mainly IP, is found does not directly prove this point because a PLase
C with properties different from the one in intact cells may be acting (Chapter V).
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Finally, it should be mentioned that recently also in human ventricular tissue an
a,-adrenoceptor mediated increase in IP, and its association with the positive inotropic
response have been shown [Kohl er al. 1989].

1.2 The involvement of GTP-binding proteins

2a G proteins involved in PI(4.5)P, breakdown

In Chapter V we described the presence of PI(4,5)P,-PLase C activity in microsomes
prepared from the cultured neonatal rat cardiomyocytes and furthermore that the
enzyme was stimulated by GTP7S. This indicates that a GTP-binding protein is involved
in the coupling of PI(4,5)P,-PLase C to the receptor(s). The involvement of a G protein
in the coupling of PI(4,5)P,-PLase C to receptors, G,, was implied some years ago when
Litosch et al (1985) demonstrated that, in membranes prepared from blowfly salivary
glands, the stimulatory effect on PI(4,5)P, breakdown of 5-hydroxytryptamine depended
on the addition of guanine nucleotides. The ability of GTP and its non-hydrolyzable
analogues to stimulate breakdown of endogenous as well as exogenous, labelled
phosphoinositides has been subsequently demonstrated in other systems [Cockcroft and
Gomperts 1985; Gonzales and Crews 1985; Burch et al. 1986; Jackowski et al. 1986;
Melin et al. 1986; Plantavid et al. 1986; Smith et al. 1986; Uhing et al 1986; Orellana
et al 1987; Roth 1987 ; Behl et al. 1988; Jones et al. 1988; Bergers et al. 1989].

The most intensively studied G proteins are those involved in the dual regulation
of adenylate cyclase activity and light-stimulated cyclic GMP hydrolysis in retinal rods
and cones [Graziano and Gilman 1987). All four classes of G proteins described (G,,
G, G, and G,) display a common, heterotrimeric structure consisting of an «, 8 and 7
subunit. The inactive state of an individual G protein is the trimer with GDP tightly
bound to the a subunit. Upon the formation of an agonist-receptor complex interaction
with the appropriate G protein is achieved. From the agonist-receptor-G protein
complex GDP is dissociated which permits the binding of GTP to the « subunit. It is
believed that subsequently the GTP-activated a subunit dissociates from the complex
and modulates the appropriate effector. The intrinsic GTPase activity of the « subunit
puts an end to the activated state.

_About the identity of the putative G protein that is involved in the regulation of
PI(4,5)PPLase C activity, only one report is available at present. A novel GTP-binding,
PI-PLase-C-activating 27 kD polypeptide has been identified in calf thymus [Wang et
al. 1988]. That multiple pathways may be involved had already been suggested by the
controversial effects of pertussis toxin [Lo and Hughes 1987], but recently the possibility
for a cell to possess multiple G proteins that carry out the activation of PI(4,5)P,-PLase
C, but couple selectively to different receptors has been reported [Ashkenazi et al
1989].

A new level of complexity in the actions of G proteins is suggested by experiments
indicative of direct coupling of G proteins to ion channels. In the atrial myocardium a
G protein - meanwhile named G, - couples the muscarinic cholinergic receptor to a
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specific potassium channel which, however, is not present in the ventricular muscle
[Noma 1986]. Moreover, it has been demonstrated in ventricular myocytes and cardiac
sarcolemmal vesicles that a G protein, probably activated G, or its « subunit, directly
regulates a calcium channel [Yatani er al. 1987]. Thus the cardiac calcium channels are
dually regulated: directly by G, and by second messengers generated by the target
enzymes of G proteins.

2b G proteins in cardiovascular disease

Aside from the biochemical and physiological importance of G proteins, a growing body
of data implicate alterations of these proteins in a variety of pathophysiological
conditions including cardiovascular diseases. So far, the investigations have been
restricted to the identifiable G proteins. At first, studies in animals with pressure- or
volume-overload induced cardiac hypertrophy indicated that cardiac levels of G, were
decreased [Hammond et al. 1988; Longabaugh ef al. 1983]. More recently reports have
appeared describing alterations of G protein levels in failing human heart. Toxin
labelling (ADP-ribosylation) of the o subunit of G, was increased in hearts of patients
with idiopathic dilated cardiomyopathy [Feldman et al. 1988]. Furthermore, this increase
was proven to be due to an increased steady state level of mRNA encoding an oG,
subspecies. The oG, mRNA level had also increased although normal levels of the
protein were present [Feldman er al. 1989]. In another study G, has been shown to be
implicated in heart fajlure. Toxin labelling of lymfocyte G,, which has been shown to
correlate with cardiac G,, was decreased by 80% in patients suffering from congestive
heart failure [Horn et al. 1988]. Some care should be taken with the interpretation of
this kind of data, because toxin labelling merely gives information about the availability
of a-subunit for ADP-ribosylation but not about absolute levels of G protein [Insel and
Ransnis 1988]. Nevertheless, the data may indicate a mechanism for the reduction of
B,-adrenoceptor responsiveness in the failing heart.

In contrast to the reduction of B,-adrenoceptor responsiveness, in experimental
animal models of ischaemia and hypoxia a,-adrenoceptor responsiveness has been shown
to be increased [Sheridan et al. 1980; Sharma and Corr 1985], concomitant with an
increase in o;-adrenoceptor density [Corr e al. 1981; Heathers et al. 1987]. In models
of B-receptor blockade the a,-adrenoceptor density has been reported to be increased
without increased responsiveness [Miigge et al. 1985; Steinhaus et al. 1989]. However,
as recently has been reported, in ischaemia and hypoxia also an enhanced production
of IP, has been found [Otani et al 1988; Heathers et al 1989]. A report on q,-
adrenoceptors in human heart failure has also recently appeared. Vago et al. (1989)
reported that in patients with idiopathic dilated cardiomyopathy cardiac o;-
adrenoceptors were increased in density and, in contrast to normal subjects, functionally
coupled to a GTP-binding protein.

Because of the reduction of B,-adrenoceptor density «,-adrenoceptors already
compose a greater portion of the total adrenergic receptor population in failing heart.
Additional down-regulation of the ,-receptor transduction mechanism and up-regulation




116

of «,-adrenoceptor density and o,-mediated IP, formation, would increase the
importance of a,-adrenoceptors even further. It will be interesting to find out in the
future whether changes in G, levels are implicated in increased a,-responsiveness.
Furthermore, taking for instance into account that pressure overload induces an increase
in myocardial cardiac a,-adrenoceptors long before onset of hypertrophy [Tamai et al.
1989] and thus before the above-reported decrease in G, levels [Longabaugh 1988}, it
will be interesting to see if cross-talk between «,- and B,-adrenoceptor mechanisms is
responsible for any of the observed changes in G protein levels.

1.3 The down-regulation of a,adrenoceptor mediated PI(4,5)P, breakdown

In Chapter IV the point was stressed that in our study after prolonged «,-adrenergic
stimulation (over 30 min) there is an attenuation of the formation of inositolphosphates.
A similar result has been obtained by Otani et al. (1988), whereas Brown et al. (1985)
and Steinberg et al. (1987) report an inositolphosphate formation that is linear up to 40
min stimulation in isolated adult rat cardiomyocytes and cultured neonatal rat
cardiomyocytes, respectively. At present, we have no suitable explanation for this
discrepancy. In our study we have been able to exclude any factors, like depletion of the
PI(4,5)P, pool, that could have been the cause of the attenuation observed by us, as is
amply discussed in Chapter IV.

Down-regulation of cardiac a,-adrenergic receptors after prolonged stimulation has
been reported before [Gengo er al 1988). After chronic (6-day) infusion of
phenylephrine the B,,, for PH-]prazosin decreased by 39%, but this loss of «,-adrenergic
receptors was not associated with attermated inotropic responses. Also in a smooth
muscle cell line o,-adrenoceptor mediated PI(4,5)P, breakdown was reported to be
attenuated after prolonged stimulation. This was associated with a reduction of the
number of a-adrenoceptors and, moreover, with the phosphorylation of the o)
adrenergic ligand binding subunit [Leeb-Lundberg et al. 1987]. Because phorbol ester
had some similar effects the proposal was made that "a classical feedback loop" may
have operated there, whereby diacylglycerol, generated from «,-adrenoceptor stimulated
PI(4,5)P, breakdown, activates PKC. PKC subsequently phosphorylates and desensitizes
the o,-adrenergic receptor, thereby attenuating the response [Sibley et al. 1987].

In our study in neonatal rat cardiomyocytes phorbol ester attenuated the o-
adrenoceptor stimulated PI(4,5)P, breakdown. Therefore we proposed PKC-induced
phosphorylation of an o,-adrenoceptor subunit as an explanation for our results after
prolonged o,-adrenergic stimulation, although, as we stated, it had not been proven yet
that PKC was activated in our system (Chapter IV). But, recently, it has been reported
that PKC indeed is activated by o,-adrenergic as well as by phorbol ester stimulation
in cultured neonatal rat cardiomyocytes [Henrich and Simpson 1988]. The PKC
activation by phorbol ester was much more pronounced and persistent than that by a,-
adrenoceptor stimulation, so proper caution should be taken before deducing from
phorbol ester effects those of e.g. @ -adrenoceptors.
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In microsomes prepared from phorbol ester pretreated cardiomyocytes the basal
as well as the GTPrS-stimulated P1(4,5)P,-PLase C activity were decreased (Chapter
V). As under these conditions the enzyme is not coupled to any receptor, down-
regulation of PI(4,5)P, breakdown can not be attributed to phosphorylation of the
receptor. Nor can it be attributed to phosphorylation of G,, because the basal (in the
presence 5 pM Ca*) PI(4,5)P, breakdown was reduced too. It is therefore likely that
either the PI(4,5)P,-PLase C itself or another regulatory protein (e.g. the 15 kD protein)
is the PKC-substrate that mediates the down-regulation of PI(4,5)P, breakdown.

1.4 The activity of protein kinase C

The first report on protein kinase C described it as a soluble proenzyme from rat brain
that could be activated by incubation with a Ca®*-proteinase also purified from rat brain
(Inoue et al. 1977]. What was called the proenzyme later turned out to be the Ca** /DG-
activated, phospholipid-dependent enzyme we now know as PKC, whereas the
proteolytically activated form, previously called PKM, is Ca*- and phospholipid-
independent [Nishizuka 1988]. Over the past few years it has been shown that Ca®-
dependent neutral proteases (calpains or CANPs) are cystein proteases preferring the
membrane-bound, activated form of PKC as a substrate and subsequently releasing the
catalytic fragment (PKM) into the cytosol. The physiological role of this process is still
not clear [Murray et al 1986], especially since the structure and functions of CANPs
have appeared to be rather complex [Suzuki et al. 1987].

Phorbol esters have been shown to mimic DG effects in the activation of PKC
[Castagna et al. 1982]. Long-term exposure of cells to phorbol ester leads to the loss or
down-regulation of PKC [e.g. Henrich and Simpson 1988], which has been shown to be
due to an increased rate of degradation by CANPs [Young ez al. 1989]. At the last count
7 subspecies of PKC have been identified, which can be divided into two groups
[Nishizuka 1988]). These PKC subspecies are differentially distributed in various cell
types and possibly respond differently to activators in vivo [Kosaka 1988; Schaap et al.
1989]. Furthermore they have been shown to be differentially susceptible to CANPs
[Kishimoto ef al. 1989]. Thus the diverse functions attributed to PKC may well involve
activation of different subspecies.

In addition to the positive forward action of PKC in the a,-adrenoceptor mediated
response, many reports indicate that PKC also provides negative feedback control over
various steps of the cell-signalling processes e.g. receptor down-regulation [Leeb-
Lundberg et al. 1987] and down-regulation of receptor-mediated PI(4,5)P, hydrolysis
(Chapters IV and V). Since the catalytic fragment has been shown in vitro to have
similar substrates as PKC and since the hydrophobic regulatory fragment contains
putative DNA-binding amino acid sequences, it is unclear whether PKC proteolysis
actually plays a role in cellular function or is just an intermediary step in the
degradation of PKC [Murray et al. 1988]
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In several of our experiments activation of PKC has been one of the aims.
However there can be no doubt about which of the two PKC-forms has been activated.
Stimulation of a,-adrenoceptors and treatment with PMA for only 30 min (Chapters IV
and V) can not be considered "long-term’ activation. Therefore the down-regulation of
PKC by CANP:s in these studies is negligible. In the studies described in Chapter VII,
the purpose of the 24 h phase of preincubation with fatty acid-enriched media was
certainly not activation of PKC. However, it should be noted that nonesterified fatty
acids (NEFAs), especially unsaturated ones, are able to activate PKC [Berridge 1984;
McPhail et al. 1984; Morimoto ef al. 1988; Rando 1988; Verkest ef al. 1988]. From these
reports it has become clear that the simultaneous presence of high intracellular
concentrations of unsaturated fatty acids, of diglyceride and of Ca* are required. The
intracellular conditions in the cardiomyocytes in our study were certainly not like that.
Furthermore, the above-mentioned reports tested the activation of PKC in vitro, whereas
in our study increased amounts of NEFAs were offered to intact cardiomyocytes. There
is still some controversy about the mechanism of cardiomyocyte fatty acid uptake, but
the evidence is strong that it is a carrier-mediated process [Stremmel 1988]. It is
therefore unlikely that in our study the intracellular concentration of NEFAs reflected
the extracellular concentration at any moment during the preincubation period.

1.5 The possible roles of 15 kD protein phosphorylation

Activation of endogenous PKC in cardiomyocyte microsomes induced the incorporation
of P from 7-“P-ATP into a protein with an estimated molecular weight of 15 kD
(Chapter VI). The phosphorylation by PKC of a 15 kD protein has been reported
before in cardiac sarcolemma [Presti et al. (1985b), Yuan and Sen (1986) and Vetter
et al. (1989)], in skeletal muscle sarcolemma [Walaas et al 1988], but also in plasma
membranes of hepatocytes [Williamson ef al. 1985] and polymorphonuclear leukocytes
[Morimoto et al. 1988). Based on the coincidence of 15 kD protein phosphorylation and
maximum developed tension upon B-adrenergic as well as upon a;-adrenergic
stimulation, Lindemann (1986) postulated that the 15 kD protein could be involved in
the mediation of the increase in slow inward Ca*" current. However, this is contradicted
by the following facts: (i) as mentioned above, 15 kD protein is not restricted to
contractile cells, (ii) the effect of PMA on the myocardial contractile state is induction
of negative inotropy, both in perfused rat heart [Yuan et al. 1987] and cultured neonatal
rat cardiomyocytes [Dosemeci et al 1988], whereas (iii) incubation of microsomes or
sarcolemma with PMA enhanced the phosphorylation of the 15 kD protein (Chapter V).
Because, on the other hand, PMA treatment of cardiomyocytes reduced the a-
adrenoceptor mediated PI(4,5)P, breakdown in intact cells as well as in microsomes it
seems more likely that the phosphorylation of the 15 kD protein is involved in the
down-regulation of receptor mediated responses. Since the protein has been shown to
be a substrate of cyclic AMP dependent protein kinase as well as PKC this would mean
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that the 15 kD protein mediates the homologous desensitization of adrenoceptors in
general.

1.6 Second messengers involved in the myocardial a-adrenergic inotropic response

In the preceding part of this thesis a few pieces of the mechanism transducing the ;-
adrenoceptor signal in myocardial cells have been studied and discussed. From this and
from the current state of the literature it is possible to put all the pieces together to a
more complete picture.

Interaction of a ligand ((nor)adrenaline) with the a,-adrenergic receptor turns a
specific G protein, G, into an activated state. The activated G, again activates a specific
PLase C which cleaves PI(4,5)P, into IP, and DG. It has been suggested that IP, could
be involved in excitation-contraction coupling - even as a replacement for the *Ca*-
induced Ca’**-release’ (see Chapter I) [Ochs 1986]- because it has been found that IP,
is released upon electrical stimulation of myocardial cells [Poggioli et al. 1986).
However, in the cardiomyocytes used in this thesis, which were beating spontaneously
and synchronously, no increase in basal inositol phosphate formation has been observed.
Furthermore, the contractile effect of a,-adrenoceptor stimulation on the myocardium
is superimposed on the basal contraction.

Evidence that IP, is able to induce release of calcium from cardiac sarcoplasmic
reticulum is scarce [Hirata et al. 1984; Volpe et al. 1985]. In fact, little is known of the
nature and organization of the Ca* organelles responsive to IP,. The opposite effects
on calcium uptake of GTP in permeabilized smooth muscle cells versus isolated vesicles,
suggested the presence of a second, IP;-insensitive Ca**-pool, communicating with the
IP,-sensitive pool through GTP-activated Ca**-translocation [Mullaney et al. 1988]. Based
on these and other data Irvine [1988] has proposed a scheme which also includes the
actions of the product of IP;-3-kinase, inositol (1,3,4,5)-tetrakisphosphate as a factor
promoting the transfer into the IP;-sensitive Ca**-pool both from the intracellular IP;-
insensitive Ca®'-pool and indirectly from extracellular Ca**-sources. Recent data strongly
suggest that the rough endoplasmic reticulum (RER) is both the Ca*-regulating
organelle and the major site of functional IP;-receptors [Ghosh er al. 1989)]. There is,
however, no evidence that an analogous organization of Ca® organelles is present in
cardiac muscle cells. Recently, the presence of an IP,-3-kinase in isolated adult rat
cardiomyocytes, actively synthesizing inositol (1,3,4,5)-tetrakisphosphate after muscarinic
stimulation, has been reported [Berg et al. 1989]. Furthermore the putative existence of
two separate Ca’*-release pools could simplify the distinction between Ca*'-induced and
superimposed IP.-induced Ca*-release.

The other branch of the PI(4,5)Pderived messenger system starts with DG, which
acts - probably in concert with the IP,induced Ca*-increase - primarily as the
physiological activator of PKC. Secondarily, polyunsaturated fatty acids like arachidonic
acid (20:4n-6), which are usually present at the sn-2 position, could be released from
DG by DG-lipase activity.
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Arachidonic acid is a substrate for the cyclooxygenase and lipoxygenase reactions
producing several types of eicosanoids. The major prostaglandin released from intact
hearts is prostacyclin (PGl,), mainly derived from the vasculature, i.e. the endothelium
and to a less extent smooth muscle cells. It is not clear whether cardiac myocytes
produce PGI, [Needleman et al. 1986]. Thromboxane A, (TXA,) is a major product of
the eicosanoid pathway in platelets, but some may also be released from ischaemic
myocardium [Coker and Parratt 1981]. Leukotrienes are mostly synthesized by
leukocytes [Simmett and Peskar 1986], in addition to the ischaemic myocardial tissue
[Barst and Mullane 1985; Evers et al. 1985]. Therefore, in contrast to nonischaemic
conditions, local release of eicosanoids during the early phases of the ischaemic process
may significantly modify myocardial and coronary function. As yet there is no evidence
that eicosanoid production is increased after o,-adrenergic stimulation of the
myocardium and contributes to the ultimate functional response. Moreover, 20:4n-6 is
known as activator of PKC [Morimoto et al 1988], so that is probably its only
contribution to the positive inotropic effect.

The positive forward actions of PKC may involve enhancement of myofibrillar
responsiveness to calcium [Endoh and Blinks 1988], activation of glycogen phosphorylase
[Osnes 1985], activation of adenylate cyclase [Yoshimasa et al. 1988], activation of PE
N-methyltransferases [Villalba et al. 198], reduction of the voltage-activated transient
outward K* current [Fedida et al. 1989] and stimulation of protein synthesis [Meidell
et al. 1987]. Synergistic with the IP;- and IP,-induced Ca*'-increase, the positive forward
actions of PKC elicit a positive inotropic effect.

Furthermore PKC exerts a negative feedback action on the signal transduction
process, possibly involving receptor down regulation [Leeb-Lundberg et al. 1987], down-
regulation of receptor mediated PI1(4,5)P, hydrolysis (Chapters IV and V), stimulation
of IP, phosphatase [Molina y Vedia and Lapetina 1986] and reduction of intracellular
calcium by activation of the Ca*-transport ATPase and the Na’/Ca®-antiporter
[Furukawa er al. 1988]. These actions terminate the acute a-effects.

The activated PKC is cleaved by CANPs into two fragments. At present the role
of the catalytic fragment in the «,-adrenergic response is unknown. IP, is metabolized
and the resulting inositol used to synthesize new PI molecules. The hydrolyzed PI1(4,5)P,
molecules are replaced by phosphorylation of PI and PI(4)P, which itself may have a
regulatory function [Varsanyi et al. 1983]. The recently discovered polyphosphoinositides,
PI(3)P, PI(3,4)P,, and PI(3,4,5)P,, are products of the PI-3’-kinase that is stimulated by
receptors with intrinsic tyrosine kinase activity and were shown not to be involved in the
mediation of the a-adrenoceptor signal [Auger et al. 1989].

VIIL.2 The chemical composition of membrane phospholipids and transduction of the
a,-adrenoceptor signal

The cardiac sarcolemma is the site of many receptors, enzymes and ion channels, and
in an integrated way these membrane processes have a paramount function in
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controlling the beat-to-beat regulation of the heart as dictated by membrane de- and
repolarization and by a variety of hormones and stimuli. It has been hypothesized
several times that modulations of the molecular species of cardiac membrane
phospholipids affect the function of membrane-associated processes. However there
exists only poor evidence for it in the field of cardiac membrane research [McMurchie
1988]. Alterations in the membrane physicochemical properties influence the
conformation of membrane-bound enzymes, the rate of lateral or rotational diffusion
of enzyme proteins in the membrane, and vertical positioning of proteins in the lipid
bilayer [McMurchie 1988]. In Chapter VI and VI of this thesis two different approaches
of modification of the molecular species of cardiac sarcolemmal phospholipids have
been studied with respect to their influence on the transmembrane conduction of the
a;-adrenoceptor signal.

2.1 Interactions with PE N-methylation

Previously it was reported that both PE N-methylation and the polyphosphoinositides
affected similar Ca®** transport systems in the myocardium. For example perfusing the
myocardium with methionine, stimulating PE N-methylation, increases sarcolemmal and
sarcoplasmic Ca**-pumping ATPase activities [Panagia et al. 1987] Varsanyi et al. (1983)
have shown that the sarcoplasmic reticular Ca* transport ATPase is activated by
polyphosphoinositides. Furthermore, Ca**-pumping activity is depressed after depletion
of polyphosphoinositides by treatment of the sarcolemma with PI-PLase C [Pierce et al
1989]. In accordance with their effects on similar Ca® transport systems, both a,-
adrenoceptor mediated PI(4,5)P, breakdown and methionine-stimulated PE N-
methylation had been reported to be implicated in the induction of a positive inotropic
effect by affecting Ca® movements, in isolated perfused rat heart [Woodcock ef al. 1987;
Panagia et al. 1988]. It therefore seemed interesting to investigate whether these two
processes were interacting or if they determined each others rates. The results obtained
using isolated rat cardiac sarcolemma and those using cultured neonatal rat
cardiomyocytes were rather different, but, in a way, so were the methods employed
(Chapter VI). Treatment of cardiac sarcolemma with an exogenous, bacterial PI-PLase
C resulted in (i) depletion of the polyphosphoinositide pool and (ii) inhibition of PE N-
methyltransferase activities (sites I, II and III). a-Adrenoceptor stimulation of intact
cardiomyocytes did not result in inhibition of PE N-methyltransferase activities, but -
as was shown before (Chapter IV) - the polyphosphoinositide pool is not depleted under
these conditions. Bacterial PI-PLases C have been shown also to release plasma
membrane Pl-glycan-anchored enzymes [Low 1987]. Therefore the inhibition of PE N-
methylation observed in sarcolemma may have been due to loss of PI-glycan-anchored
methyltransferases, but then, obviously, a,-adrenoceptor coupled PLase C does not play
a role in the release of membrane-anchored enzymes.

Methionine-stimulated PE N-methylation did not affect a,-adrenoceptor stimulated
PI(4,5)P, breakdown in intact cardiomyocytes, but, on the other hand, PE N-methylation
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did reduce the basal level] of P1(4,5)P, breakdown. This "basal" level represents the total
of *H-inositol phosphates formed during incubation without o,-agonist and is constant,
independent of time of incubation (Chapter IV). The effect of PE N-methylation can
only be explained if it is assumed that the basal level represents an equilibrium between
basal PI(4,5)P,-PLase C activity and inositolphosphate dephosphorylation that is not
completely inhibited by Li*. The a,-adrenoceptor activated G,-PI(4,5)P-PLase C
complex is apparently not as susceptible to PE N-methylation as the "free-floating"
PI(4,5)P,PLase C is. These assumptions make it all the more likely that PE N-
methylation-induced alterations in membrane physicochemical properties are involved
in modifying the "basal" level of *H-inositolphosphates.

2.2 Interrelation with PUFA composition of membrane phospholipids

A probably more drastic modification of membrane functions was expected to be
achieved by changing the membrane phospholipid polyunsaturated fatty acid (PUFA)
content. Polyunsaturated fatty acids are involved in several steps in the a-adrenoceptor
mediated PI turnover. These fatty acids are present in: 1) in the phospholipid bilayer
in which the ej-adrenergic receptor and PLase C are embedded; 2) in the substrate
PI(4,5)P, for PLase C; 3) in DG, the activator of PKC. It has been reported, for
instance, that diet-induced alterations of sarcolemmal phospholipid fatty acid
composition produced changes in cardiac contractile functions and catecholamine
responsiveness [McMurchie 1988]. Whereas several reports on the effects of diet on
cardiac B-adrenoceptor function are available and have been reviewed [McMurchie
1988], only one about «-adrenoceptor function has recently appeared [Reibel et al.
1988]. In the latter study PUFAs, derived from fish il (20:5n-3 and 22:6n-3), were
added to control diets. It was demonstrated that dietary n-3 PUFAs induced alteration
of the a,- but not the B-adrenoceptor mediated inotropic effects on the myocardium.
Since the transduction of the oj-signal involves, among other things, a family of
phospholipids, namely PI-lipids, the possibility existed that the reported changes in «;-
adrenoceptor function were due to changes in transmembrane signalling.

Also some other unresolved questions brought us to investigate the PUFA
composition of cardiac membrane phospholipids in relation to «;-adrenoceptor mediated
P1(4,5)P, hydrolysis. Firstly there was the point of the relatively high presence of PUFA,
in particular 20:4n-6, in PI lipids [Holub 1987], which had not been studied in
myocardium yet. Secondly, we [Montfoort et al. 1986] and others [Gudbjarnason et al.
1978] had shown that chronic norepinephrine stress in rats produced a dramatic increase
in 22:6n-3 and decrease in 18:2n-6 content in the major myocardial phospholipid
fractions phosphatidylcholine and phosphatidylethanolamine.

As described in this thesis (Chapter VII), the model of cultured neonatal rat
cardiomyocytes easily permitted the induction of changes in cardiomyocyte phospholipid
PUFA content by enrichment of the growth medium with 18:2n-6 or 20:5n-3. In control
treated cardiomyocytes the PI fraction had, compared to the total phospholipid fraction,
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a low total PUFA as well as 20:4n-6 content. The 18:2n-6 or 20:5n-3 pretreatment of
cardiomyocytes significantly changed the PUFA pattern of total phospholipids, although
the changes were not as dramatic as in the studies of others [Gudbjarnason et al. 1978;
Montfoort et al. 1986; Reibel et al. 1988]. A remarkable finding was that in the PI
PUFA pattern no significant changes had occurred (Chapter VII). The alterations in
total phospholipid PUFA content influenced neither the basal nor the a,-adrenoceptor
stimulated PI(4,5)P, breakdown.

Alpha,-adrenoceptor stimulated PI(4,5)P, breakdown affected neither the total
phospholipid PUFA composition nor the PI PUFA composition, indicating that neither
PI(4,5)P,-PLase C nor PI- and PI(4)P-kinase have a preference for certain molecular
species of PI-lipid. Therefore it seems likely that the previously observed effects on
membrane PUFAs after chronic norepinephrine stress in rats are purely B-adrenergic.
However, to definitely prove this point, the effects of B-adrenergic agonist-stimulation
on PUFA content of phospholipids from cardiomyocytes should be measured.

2.3 Conclusion

Taking together the results of Chapter VI and VII it seems that the membrane-
associated proteins involved in the transduction of the a,-adrenergic signal are less
prone to changes in the molecular species of membrane phospholipids than, on basis
of the literature, was expected. It is certainly surprising that the very local and minor
change in membrane composition that PE N-methylation elicits, seems more effective
than the overall change in phospholipid PUFA composition induced by PUFA-enriched
culture medium.
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Summary

The sympathetic regulation of the heart function appears not only to be mediated by
B-adrenoceptor-stimulated cyclic AMP action, but also by a,-adrenoceptors. The current
knowledge about e,-adrenergic influences on heart function and about adrenoceptor
changes seen in some pathophysiological states of the myocardium (Chapter I)
demonstrates that more detailed information was required on the biochemical
mechanism involved in the development of the cardiac a,-adrenergic response.

The regulation of heart function in general, and by o-adrenoceptors in
particular, involves changes in the intracellular calcium concentration. The receptor-
stimulated hydrolysis of phosphatidylinositol 4,5-bisphosphate (PI(4,5)P,) generates (at
least) two second messengers, inositol 1,4,5-trisphosphate (IP,) and diacylglycerol (DG),
of which IP, is able to mobilize calcium from intracellular stores. Therefore it seemed
likely that myocardial o,-adrenoceptors were coupled to the phosphoinositide cycle
(Chapter I).

Cultured cardiomyocytes were considered to be the most suitable model to study
myocardial a;,-adrenoceptor mediated PI(4,5)P, breakdown, because, firstly, any
contribution of non-myocytes could be eliminated, secondly, the presence and operation
of specific receptors proved to be comparable to the in vivo state and, thirdly, there was
ample accessibility of the cardiomyocyte for adrenergic agonists, ['H-]-myoinositol etc.
Out of the three available models of cultured cardiomyocytes: (1) adult rat
redifferentiated cardiomyocytes, (2) adult rat rapid-attachment cardiomyocytes and (3)
neonatal rat cardiomyocytes, the latter model was chosen on grounds of its adequate
morphological, electrophysiological and pharmacological similarity with in vivo
cardiomyocytes and its practical advantages. Therefore a procedure was set up to yield
a near to homogeneous preparation of neonatal rat cardiomyocytes (Chapter II).

To study a,-adrenoceptor mediated PI(4,5)P, breakdown, the cardiomyocytes
were preincubated with [PH-]myoinositol to label the membrane phosphoinositide pool
and stimulated with the «;-agonist phenylephrine (30 pM). This resulted in the
accumulation of *H-inositolphosphates, however, only in the presence of the inositol
monophosphatase inhibitor Li* (10 mM). Furthermore, *H-inositol monophosphate *H-
IP,) was predominant, whereas the level of labelled IP,, the putative second messenger,
was low. Apparently, the activities of the myocardial inositolphosphatases are high and
IP3 is only transiently present in the cardiomyocyte (Chapter III).

The a;-adrenergic receptor specificity (Chapter III and IV) as well as the time-
course and the dose-response curve (Chapter IV) of phenylephrine induced PI(4,5)P,
breakdown were determined. The rate of *H-inositolphosphate formation decreased
after prolonged o,-adrenoceptor stimulation without evidence of depletion of the
membrane *H-PI(4,5)P, pool. Desensitization of the a-adrenergic receptor, possibly
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through feedback inhibition by DG-activated protein kinase C (PKC), could explain this
phenomenon. Direct activation of PKC by phorbol 12-myristate 13-acetate (PMA)
treatment of cardiomyocytes led to a dose-dependent inactivation (IC;, 10° M PMA) of
a,-adrenoceptor stimulated PI(4,5)P, breakdown. These findings provide evidence that
PKC plays a role in the regulation of a,-adrenoceptor sensitivity.

This hypothesis was further investigated in a cell free system, isolated
microsomal membranes, in which the PI(4,5)P,specific phospholipase C (PI(4,5)P,-
PLase C), endogenous PKC and substrate proteins for PKC could be detected and
separately activated (Chapter V). Incubation of microsomes prepared from cultured
neonatal rat cardiomyocytes, in buffer containing 5 M CaCl,, 9 mM cholate and 100
nM *H-PI(4,5)P, resulted in the formation of *H-IP,. GTP7S (125 uM) stimulated the
production of *H-IP,. Microsomes prepared from phorbol ester-pretreated (100 nM
PMA) cardiomyocytes, showed decreased activities of basal as well as GTPrS-stimulated
*H-P1(4,5)P, hydrolysis.

In the microsomes a 15 kD protein was demonstrated to be the major substrate
phosphorylated by intrinsic PKC, which was activated by 0.5 mM Ca®. Addition of
phorbol ester (100 nM PMA) enhanced the *P incorporation into the 15 kD protein.
PKC, purified from rat brain, in the presence of Ca*, phosphatidylserine and DG, did
not change the phosphorylation pattern any further (Chapter V).

Thus three effects of phorbol ester were described: PMA-treatment of neonatal
rat cardiomyocytes inactivated the a,-adrenoceptor mediated PI(4,5)P, breakdown,
PMA-pretreatment of neonatal rat cardiomyocytes reduced microsomal GTP7S-
stimulated PI(4,5)P,-PLase C activity and in cardiomyocyte microsomes PMA activated
PKC-induced 15 kD protein phosphorylation. These results indicate that phorbol ester
may down-regulate o,-adrenoceptor mediated PI(4,5)P, hydrolysis by activation of PKC-
induced 15 kD protein phosphorylation.

The phospholipid environment of the «-adrenergic receptor, the
phosphoinositides, P1(4,5)P.-PLase Cetc., may influence the rate of the phosphoinositide
cycle. In this context, the mutual interactions between phosphatidylethanolamine (PE)
N-methylation, a process that slightly changes the phospholipid environment, and the
a,-adrenergic receptor stimulated PI(4,5)P, breakdown were investigated (Chapter VI).
In sarcolemma purified from rat heart, prior hydrolysis of phosphoinositides by
exogenous Pl-specific PLase C inhibited (to 75, 59 and 78% of control for catalytic sites
I, II and III, respectively) the PE-N-methyltransferase system. In cultured rat
cardiomyocytes the addition of L-methionine, a precursor for the methyldonor S-
adenosylmethionine, stimulated PE-N-methylation in a concentration-dependent (0.2 -

300 uM) manner. Methionine (50 pM) decreased the basal rate of P1(4,5)P, hydrolysis
(to 72% of control), but had no effect on the phenylephrine-stimulated PI(4,5)P,
hydrolysis. Maximal activation of the PI(4,5)P, breakdown by 30 M phenylephrine did
not affect the rate of PE-N-methylation in the presence of exogenous methionine (50
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#M). These findings support the existence of interactions, although discrete, between
the enzymes involved in the PE N-methylation and phosphoinositide turnover.

Also in the context of changing the phospholipid environment, the phospholipid
molecular species were changed by inducing incorporation of specific polyunsaturated
fatty acids (PUFAs) into the phospholipids of cultured neonatal rat cardiomyocytes
(Chapter VII). Special attention was paid to the PUFAs of vegetable (linoleic acid) and
marine (eisosapentaenoic acid) origin because of the growing interest in theit actions
on the cardiovascular system. PUFAs are also involved in certain steps of the a,-
adrenoceptor mediated phosphoinositide turnover e.g. through the PI(4,5)P, and DG
molecules.

Neonatal rat cardiomyocytes were incubated for 24 h in culture media
supplemented with linoleic acid (18:2n-6) or eicosapentaenoic acid (20:5n-3) to change
the PUFA composition of their membrane phospholipids. In 18:2n-6 treated cells the
18:2n-6 content of the total phospholipid fraction rose from 45 to 68 nmol/mg protein
and in 20:5n-3 treated cells the 20:5n-3 and docosapentaenoic acid (22:5n-3) contents
increased from 1.5 to 12.5 and 5.1 to 14.7 nmol/mg protein, respectively. The major n-
3 fatty acid 22:6n-3 (11.4 nmol/mg protein) did not change after 20:5n-3 treatment of
the cells. Although the phosphatidylinositol (PI) fraction showed changes parallel with
those in the total phospholipid fractions, none were significant. In the PI fraction 22:5n-
3 (0.4 nmol/mg protein) appeared to be the major n-3 fatty acid.

The fatty acid treated cardiomyocytes were prelabelled with [PH-]-myoinositol
to estimate the rate of PI(4,5)P, turnover. There were no differences in the rate of *H-
inositolphosphate formation between control, 18:2n-6 and 20:5n-3 treated cells.
Prolonged a;-adrenergic stimulation of control, 18:2n-6 and 20:5n-3 treated cells did not
change the PUFA composition of the total phospholipid and PI fractions. It is
concluded that the rate of o-adrenoceptor mediated phosphoinositide turnover is not
affected by the changes in PUFA composition of membrane phospholipids and that
prolonged a-adrenergic stimulation does not lead to significant depletion of any specific
PUFA or of total PUFAs in the phosphoinositides.

Finally, from the combined discussion of the experimental studies and the latest
developments reported in the literature, a more complete picture can be drawn of how
the myocardial ¢ -adrenergic response is brought about (Chapter VIII).
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Samenvatting

Lange tijd heeft men verondersteld dat het sympathische zenuwstelsel de hartfunctie
beinvloedde via de interactie van noradrenaline met B-adrenerge receptoren op de
hartcelmembraan (sarcolemma), intracellulair gevolgd door de werking van de ’second
messenger’ cyclisch AMP. Met de later ter beschikking gekomen B-receptor-blokkerende
stoffen werd aangetoond dat ook een interactie met «,-adrenerge receptoren kan
bijdragen. De huidige kennis van de o-adrenerge beinvloeding van de hartfunctie en
van de veranderingen in adrenoceptoren, die worden gezien in sommige
pathofysiologische toestanden van het myocard (Hoofdstuk I), toont aan dat meer
gedetailleerde informatie vereist is omtrent het biochemische mechanisme dat
betrokken is bij de totstandkoming van de a-adrenerge respons in het hart.

De regulatie van de hartfunctie in het algemeen, en door a-adrenoceptoren in
het bijzonder, gebeurt o.a. door veranderingen in de intracellulaire calcium concentratie.
De receptor-gestimuleerde hydrolyse van fosfatidylinositol 4,5-bisfosfaat (P1(4,5)P,) leidt
tot de vorming van (minstens) twee ’second messengers’, inositol 1,4,5-trisfosfaat (IP,)
en diacylglycerol (DG), waarvan IP, calcium uit intracellulaire opslagplaatsen kan vrij
maken. Mede daarom leek het aannemelijk dat o,-adrenoceptoren in de hartspier
gekoppeld waren aan de fosfatidylinositol (PI) cyclus (Hoofdstuk I).

Gekweekte cardiomyocyten werden het meest geschikte model geacht om de
a,-adrenoceptor geleide PI(4,5)P, hydrolyse te bestuderen, omdat, ten eerste, elke
bijdrage van niet-spiercellen uitgesloten kon worden, ten tweede, de aanwezigheid en
werkzaambeid van specifieke receptoren vergelijkbaar bleken met die die aanwezig zijn
in in vivo en, ten derde, er ruime toegankelijkheid van de cardiomyocyt was voor
adrenerge agonisten, ['H-Jmyoinositol etc. Van de drie beschikbare vormen van
gekweekte cardiomyocyten: (1) geredifferentieerde cardiomyocyten uit de adulte rat, (2)
snel-aanhechtende cardiomyocyten uvit de adulte rat, en (3) cardiomyocyten uit de
neonatale rat, werd de laatste vorm gekozen op grond van een bevredigende
morfologische, electrofysiologische en farmacologische gelijkenis met in vivo
functionerende cardiomyocyten en ook om de praktische voordelen. Een procedure
werd ontworpen om een vrijwel homogeen preparaat van neonatale rat cardiomyocyten
te verkrijgen (Hoofdstuk II).

Om de aj-adrenoceptor geleide PI(4,5)P, hydrolyse te onderzoeken werden de
cardiomyocyten v66rgeincubeerd met [H-]myoinositol om de membraan PI-pool te
labelen, en daarna gestimuleerd met de o,-agonist phenylephrine (30 pM). Dit
resulteerde in de ophoping van *H-inositolfosfaten, doch slechts in aanwezigheid van de
inositolmonofosfatase-remmer  Li* (10 mM). Bovendien overheerste 3H-
inositolmonofosfaat (H-IP,), terwijl het niveau van gelabeld IP, de veronderstelde
’second messenger’, laag was. Blijkbaar zijn in de hartspier de activiteiten van de
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inositolfosfatasen hoog en is de aanwezigheid van IP; in de cel van voorbijgaande aard
(Hoofdstuk III).

De o,-adrenerge receptor specificiteit (Hoofdstukken III en IV) zowel als het
tijdsverloop en de dosis-respons-curve (Hoofdstuk IV) van de phenylephrine-
geinduceerde PI(4,5)P, hydrolyse werden vastgelegd. De vormingssnelheid van *H-
inositolfosfaat nam af na langere a,-adrenoceptor stimulatie, zonder dat er aanwijzingen
waren dat de membraan *H-PI(4,5)P,-pool uitgeput was geraakt. Desensitizering van de
a,-adrenerge receptor, mogelijk via teruggekoppelde remming door DG-geactiveerd
eiwitkinase C (PKC), zou dit verschijnsel kunnen verklaren. Directe activering van
PKC, door behandeling van cellen met phorbol 12-myristaat 13-acetaat (PMA), gaf een
dosis-afhankelijke remming (IC,, 10° M) van de a-adrenoceptor-gestimuleerde PI(4,5)P,
hydrolyse. Deze bevindingen dragen het bewijs aan dat PKC een rol speelt in de
regulatie van de o;-adrenoceptor gevoeligheid.

Deze veronderstelling werd nader onderzocht in een cel-vrij systeem, nl.
geisoleerde microsomale membranen, waarin de PI(4,5)P-specifieke phospholipase C
(P1(4,5)P-PLase C), het endogeen PKC en de substraateiwitten van PKC, apart
geactiveerd en aangetoond konden worden (Hoofdstuk V). Incubatie van microsomen
die bereid waren uit gekweekte neonatale rat cardiomyocyten, in een buffer met 5 uM
CaCl,, 9 mM cholaat an 100 oM *H-PI(4,5)P, resulteerde in de vorming van *H-IP,.
GTP7S (125 pM) stimuleerde de produktie van *H-IP,. Microsomen die bereid waren
uit phorbolester-voorbehandelde (100 nM PMA) cardiomyocyten, vertoonden een
verminderde basale en GTPrS-gestimuleerde *H-PI(4,5)P,-PLase C activiteit.

In de microsomen werd een 15kD-eiwit aangetoond als het belangrijkste
substraat voor fosforylering door het intrinsieke PKC, die door 0.5 mM Ca* geactiveerd
werd. Toevoeging van phorbolester (100 nM PMA) verhoogde de *P-incorporatie in het
15kD-eiwit. Uit rattehersenen gezuiverd PKC, in. aanwezigheid van Ca¥,
phosphatidylserine en DG, gaf geen verdere wijzigingen in het fosforyleringspatroon
(Hoofdstuk V).

Er zijn dus drie effecten van phorbolester beschreven: PMA-behandeling van
neonatale rat cardiomyocyten inactiveerde de a,-adrenoceptor gestimuleerde PI(4,5)P,
hydrolyse, PMA-voorbehandeling van neonatale rat cardiomyocyten verminderde de
microsomale GTP7S-gestimuleerde PI(4,5)P,-PLase-C-activiteit, en in cardiomyocyt-
microsomen activeerde PMA de PKC-geinduceerde fosforylering van het 15kD-eiwit.
Deze resultaten wijzen erop dat phorbolester de a,-adrenoceptor geleide PI(4,5)P,
hydrolyse zou kunnen uitschakelen door activering van PKC-geinduceerde fosforylering
van het 15kD-eiwit.

Het fosfolipide milieu van de oy-adrenoceptor, van de PI-lipiden, van PI1(4,5)P,-
PLase C etc., zou de snelheid van de PI cyclus kunnen beinvlioeden. In dit verband zijn
de wederzijdse interacties tussen phosphatidylethanolamine(PE)-N-methylering, een
proces dat het fosfolipide milieu lichtelijk wijzigt, en de a,-adrenoceptor gestimuleerde
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PI(4,5)P,-hydrolyse onderzocht (Hoofdstuk VI). In sarcolemma dat uit rattehart
gezuiverd was, trad na hydrolyse van Pl-lipiden door exogeen PI-specifiek PLase C,
remming op van de catalytic sites I, Il en III van het PE-N-methyltransferase systeem
tot respectievelijk 75, 59 en 78% van de contrdle-waarden . In gekweekte neonatale rat
cardiomyocyten stimuleerde de toevoeging van L-methionine, een precursor voor de
methyldonor S-adenosylmethionine, de PE-N-methylering op een concentratie-
afhankelijke (0.2 tot 300 M) wijze. Methionine (50 uM) verlaagde de basale snelheid
van de PI(4,5)P,-hydrolyse tot 72% van de contréle-waarde, maar had geen effect op
de phenylephrine-gestimuleerde PI(4,5)P,-hydrolyse. Maximale activering van de
PI(4,5)P-hydrolyse met 30 ©M phenylephrine had geen invloed op de snelheid van de
PE-N-methylering in aanwezigheid van exogeen methionine (50 uM). Deze bevindingen
bevestigen het bestaan van interacties, zij het van beperkte aard, tussen de enzymen
betrokken bij PE-N-methylering en de PI cyclus.

Eveneens in verband met wijziging van het fosfolipide milieu, werden de
moleculaire species van de fosfolipiden veranderd door incorporatie van specifieke
meervoudig onverzadigde vetzuren (PUFAs) in de fosfolipiden van gekweekte neonatale
rat cardiomyocyten (Hoofdstuk VII). Daarbij werd niet alleen gedacht aan het bekende
linolzuur (van plantaardige oorsprong) maar ook aan de meer recentelijk in de
belangstelling gekomen PUFAs die voorkomen in visoli€én, met name
eicosapentaeenzuur. PUFAs zijn bovendien in bepaalde stappen van de a,-adrenoceptor
geleide PI cyclus gewikkeld, bijv. via de PI(4,5)P,- en DG-moleculen.

Neonatale rat cardiomyocyten werden 24 uur geincubeerd in cultuurmedia
aangevuld met extra linolzuur (18:2n-6) of eicosapentaeenzuur (20:5n-3) om de PUFA-
samensteling van de membraanfosfolipiden te veranderen. In 18:2n-6 behandelde cellen
steeg het 18:2n-6 gehalte van de totale fosfolipide fractie van 45 naar 68 nmol/mg eiwit
en in 20:5n-3 behandelde cellen stegen de 20:5n-3 en docosapentaeenzuur (22:5n-3)
gehaltes respectievelijk van 1,5 naar 12,5 en van 5,1 naar 14,7 nmol/mg eiwit. Het
voornaamste n-3 vetzuur 22:6n-3 (11,4 nmol/mg eiwit) bleef gelijk. De veranderingen
in de Pl-fractie liepen weliswaar parallel aan die in de totale fosfolipide fractie, maar
waren geen van alle significant. In de Pl-fractie was overigens 22:5n-3 (0,4 nmol/mg
eiwit) het voornaamste n-3 vetzuur.

De vetzuur-behandelde cardiomyocyten werden voorgelabeld met [‘H-
Jmyoinositol om de snelheid van PI(4,5)P-hydrolyse te bepalen. Er waren geen
verschillen in de snelheid van *H-inositolfosfaatvorming tussen contréole, 18:2n-6 en
20:5n-3 behandelde cellen. Langere o-adrenerge stimulatie van contrdle, 18:2n-6 en
20:5n-3 behandelde cellen gaf geen wijzigingen in de PUFA-samenstelling van de totale
fosfolipide of de Pl-fractie. Hieruit volgt dat de snelhied van «-adrenoceptor
gestimuleerde Pl-omzetting niet wordt beinvloed door veranderingen in de PUFA-
samenstelling van
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membraanfosfolipiden en dat langdurige o,-adrenerge stimulatie niet leidt tot nitputting
van enig specifieck meervoudig onverzadigd vetzuur of van de totale PUFAs in de PI-

lipiden.

Uiteindelijk kan uit de gecombineerde bespreking van de experimentele studies
en uit de laatste ontwikkelingen die in de literatuur zijn vermeld, een nog vollediger
beeld worden gevormd van de wijze waarop de «,-adrenerge respons van het hart tot
stand komt (Hoofdstuk VIII).
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